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ABSTRACT 
 
A piezoelectric electrospun platform for in situ cardiomyocyte contraction analysis 
Laura T. Beringer 
Advisor: Caroline L. Schauer, PhD  
 
Flexible, self-powered materials are in demand for a multitude of applications such as 
energy harvesting, robotic devices, and lab-on-a chip medical diagnostics.  Lab-on-a-chip materials 
or cell-based biosensors can provide new diagnostic or therapeutic tools for numerous diseases.  
This dissertation explores the fabrication and characterization of a cell-based sensor termed a 
nanogenerator with three major aims.   
The first aim of this research was to fabricate a piezoelectric material that could act as both 
a cell scaffold and sensor and characterize the response to cell-scale deformation.  Electrospinning 
piezoelectric fluoropolymers into nanofibers can provide both of these functionalities in a facile 
method.  PVDF-TrFe was electrospun in an aligned format and interfaced with a flexible plastic 
substrate in order to create a platform for voltage response characterization after small force 
cantilever deformations.  Voltage peak signals were an average of ± 0.4 V, and this response did 
not change after platform sterilization. However, when placed in cell culture media, piezoelectric 
response was dampened, which was taken into consideration for the next two aims.    
An aligned electrospun coaxial fiber system of PVDF-TrFe and collagen was created and 
interfaced with with the nanogenerator for the second aim in order to provide a more biologically 
favorable surface for cells to adhere to.  These nanogenerators were successfully characterized for 
their piezoelectric response, which was an average of ± 0.1 V.  Additionally, the aligned coaxial 
collagen/PVDF-TrFe fibers supported both neuron and HeLa cell attachment and growth, 
demonstrating that they were not cytotoxic.  To assess the potential for the nanogenerators to be 
used as a contractile analysis lab-on-a-chip based device, HeLa cell contraction was induced with 
potassium chloride and signal response was analyzed.  The nanogenerator system was able to detect 
xiv 
 
 
 
both the resting state of HeLa cells, a contraction state, and a hyperpolarized state, proving their 
potential use as contractile analysis microdevices.       
The third and final aim of this dissertation was to be able to measure contraction events 
from both cultured cardiomyocytes and whole tissues in situ.  Rat neonatal cardiomyocytes grew 
on the prepared collagen/PVDF-TrFe nanogenerators and yielded a distinct signal after 8 days of 
growth.  These contractions were verified with live cell imaging and video recording.  In addition, 
cardiomyocyte exposure to the drug isoproterenol increased contraction strength and frequency, 
which was reflected in the nanogenerator recordings.  Frog whole heart and heart tissue slices also 
were interfaced with the fabricated nanogenerators and signals were recorded.  The same held true 
for heart slices from male Sprague-Dawley rats.  These signals were determined to be statistically 
different compared to the control baseline nanogenerator recordings in media in the absence of cell 
culture.   
Overall the fabricated nanogenerators have demonstrated their potential to be used as in 
situ analysis tools for contractile events and have potential in the field of personalized medicine 
and drug diagnostic assays.  The facile fabrication and ease of setup to obtain the electrical voltage 
signal corresponding to the contractile events are what sets the nanogenerator apart from any 
polymer based sensor available today.   
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CHAPTER 1 
 
 Introduction  
 
1.1 Cell Based Sensors 
Cell-powered devices have the ability to revolutionize the field of nanomedicine and lab-
on-a-chip diagnostics, as they can be scaled down and tailored for small layers of cultured cells 
due to no requirement for an external power source.  An exciting avenue of research concerning 
cell-powered devices involves the use of materials science, chemistry, and biology in order to 
develop sensors that can measure and/or respond to biological analytes, proteins, metabolites, or 
biomarkers in real-time.  The applications for this type of technology are endless and range from 
personalized medical assays and drug therapies to better understanding cellular machinery and 
processes from a molecular level.  
 The initial work within this field began in the middle of the twentieth century and has 
grown exponentially since then.  One of the very first ideas came out of University of 
Pennsylvania where Liu and colleagues created an implantable Agar covered electrode system in 
order to monitor oxygen concentrations in the blood and surrounding tissue in real-time [1].  
Decades of research after this have led to numerous iterations of cellular based biosensors, with 
several major classes of devices, including fluorescent, genetically engineered, and 
microelectronic [2].  
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1.1.1 Fluorescence-based sensors 
  Fluorescence-based sensors typically utilize genetically engineered cell lines with 
plasmid insertion and/or fluorophores that tag certain proteins, analytes, or small biomolecules [3-
7].  Zhang et al. created a special plasmid which was inserted into E. coli and had the ability to 
sense the production of the key metabolic chemical 2-oxoglutarate (2OG), by responding with a 
fluorescence intensity relative to the amount of metabolite being produced as shown in Figure 1 
[3].   
 
 
 
Figure 1. Image taken from Zhang et al. [3] revealing (a) the new protein binding region on the 
inserted plasmid (b) fluorescent signal after binding with 2OG analyte (c) specific binding 
kinetics of the sensor to 2OG and (d) concentration vs. fluorescence curve.   
 
 
This work demonstrated the potential future for cell-based sensing using genetic modification and 
transfection techniques.  However, because plasmid construction can be difficult and transfection 
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efficiency is typically low, the steps in this process can be time consuming and challenging to 
replicate efficiently.  Additionally, the use of bacterial based sensors may limit the useful 
applications intended for human therapeutics.      
A potential solution to bacterial based biosensors is to create transfect mammalian cells 
lines in order to obtain the same goal of cell-based biosensing.  In 2014, Daringer et al. created a 
mammalian based cellular sensor termed Modular Extracellular Sensor Architecture (MESA) [4].  
MESA is a tunable protein platform that can be adapted to the ligand or analyte of interest 
utilizing molecular biology techniques in order to quantify the amount of a protein or by-product 
produced in vivo.  In this case, Daringer and colleagues were able to transfect HEK293FT cells 
with plasmid technology and place the MESA architecture within the cell.  The MESA construct 
was designed to have complimentary ligands for rapamycin and hence when cells came into 
contact with this drug a noticeable fluorescent signal was observed as shown in Figure 2.  While 
this technology is exciting and has the ability to revolutionize many aspects of personalized 
medicine, it relies on the genetic manipulation and successful transfection of cells.    
.   
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Figure 2. Image taken from Daringer et al. [4] revealing (a) fluorescence intensity differences 
between the activated (dark green) and inactivated (light green) ligands within the MESA 
construct (b) Brightfield and fluorescent micrographs of the MESA engineered cells responding 
to a control analyte (DMSO) and the intended target (rapamycin).  Cells that respond with yellow 
fluorescence have activated ligands specific for rapamycin.   
 
 
 
Materials based fluorescent sensors that interface with cellular or molecular targets also 
show promise.  Zhu et al. fabricated a sheet of molybdenum disulfide (MoS2) that was able to 
detect double and single-stranded DNA targets based upon the principle of Förster resonance 
energy transfer (FRET) with a fluorescent readout [6].  MoS2 is an inorganic material that is also 
a bandgap semiconductor capable of being used for FRET applications.  Single-layered sheets of 
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MoS2 were capable of binding single-stranded DNA due to the electrostatic forces between the 
positively charged molybdenum and negatively charged sulfide [6].  By labeling the DNA with 
fluorescent dye, and providing complimentary DNA strands on the layered MoS2 sheets, a sensor 
was formed which was able to detect target-specific strands of DNA that correlated with 
fluorescent intensity.  The schematic for this material and data for the process is shown in Figure 
3 [6].   
 
 
  
 
Figure 3.  Representative schematic of MoS2 fluorescent DNA sensor taken from Zhu et al. [6] 
(left panel) and fluorescent intensity curves of activated sensor (right panel).   
 
 
Overall these examples of fluorescence based sensors show potential for real-world applications 
in nanomedicine and diagnostics, but have their limitations including the cell permeability of the 
fluorophore or plasmid and the sensitivity and lifetime of the fluorophore. 
 
1.1.2 Cell-coupled sensors using electronic elements 
Cellular activity, including action potentials, is often coordinated through the flux of ions 
and the consequent intra and extra cellular gradients developed.  Microelectrode arrays (MEA), 
field effect transistors (FET), and light addressable potentiometric sensors (LAPS) are all classes 
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of electrically based materials used to measure and analyze these gradients [2].   Recently flexible 
MEAs composed of glassy carbon were fabricated and able to measure dopamine concentrations 
while in phosphate buffered saline (PBS) [8].  The idea with this type of MEA is to interface it 
with neuronal culture and monitor dopamine levels in situ without stopping the culture to assay in 
a more traditional way.  Dopamine concentration as a function of current through the glassy 
carbon electrodes is shown in Figure 4.   
 
 
Figure 4.  Dopamine concentration as a function of current and time tested on the novel glassy 
carbon electrodes, taken from VanDersarl et al.  [8]. 
 
 
FET-based cell sensors composed of aluminum gallium nitride (AlGaN) arrays have been 
used in order to measure the action potential and thus related contractile activity of rat 
cardiomyocytes [9].  AlGaN arrays have demonstrated long-term chemical stability and 
biocompatibility and as shown in Figure 5, the cardiomyocytes were able to grow on the FET 
arrays and provide simultaneous real-time recordings of action potential.   
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Figure 5. Image taken from Steinhoff et al. [9] revealing the cardiac culture on the FET arrays 
(left panel) and simultaneous extracellular potential recording (right panel).  
  
 
LAP sensors are an interesting class of materials because they are able to overcome the 
limited geometry available to MEA and FET sensors, and often can be interfaced successfully 
with biological components [2].  As demonstrated by Jia et al., a phage-modified LAP sensor was 
fabricated in order to specifically bind to and detect cancerous cell biomarkers [10].  Phages 
containing moieties specific for a breast adenocarcinoma analyte were immobilized on aluminum 
modified silicon wafers used for the LAP sensing element.  After exposure to the cancerous cell 
line with varying seeding densities, recordings from the phage probes reveal complimentary 
voltage changes with increasing concentration of analyte as shown in Figure 6.   
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Figure 6. Image from Jia et al. [10] revealing the output voltage from the phage interfaced LAP 
sensor detecting a specific breast cancer analyte.   
 
Research involving microelectronic elements interfaced with biological components have 
advanced the field of biomarker assays tremendously.  The ability to culture cells while 
simultaneously acquiring dopamine levels from neurons or action potentials from cardiomyocytes 
will be invaluable to progressing the field of personalized diagnostics and therapies.  However, 
these cell-based sensors rely on sensitive electrical measurements and the small-scale changes in 
electric potential across a cell, which typically averages 10-30 microns in diameter.  Maintaining 
a group of cells on a sensor device in order to obtain in situ data can be made more difficult 
because typical microelectronic materials tend to be biologically inert, meaning they will not 
necessarily be toxic to cell growth, but will also not encourage it.    
 
While these sensor classes have led to fascinating discoveries and the potential for real-
world medical applications, they also rely on techniques and materials, which can be difficult to 
employ and manipulate.  This work will describe the fabrication and characterization of a novel 
cell-based sensor that utilizes the inherent piezoelectric properties of a fluoropolymer in nanofiber 
form in order to measure contractile activity in situ without employing microelectronic circuits, 
genetic engineering, or fluorescent reporters. 
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1.2 Myocyte contraction  
One specific biological phenomenon that is difficult to monitor in situ and is vital to the 
proper functioning of several organs and tissues is muscle or myocyte contraction.  Normal 
excitation-contraction coupling within tissue is necessary for the correct function of major organs, 
such as the heart and smooth/skeletal muscle organs.  Numerous pathologies, including heart 
arrhythmias, Huntington’s disease, and Duchenne’s muscular dystrophy, present with varying 
degrees of abnormal myocyte contraction, among other symptoms [11-13].  Enhanced 
understanding of the mechanisms involved with abnormal cellular contractions could lead to 
better medical treatment and therapies for numerous diseases.  However, to date there are a 
limited number of materials that are able to analyze cellular contraction in situ while also 
supporting cells in culture [14, 15].  Much of the cell-based biosensors discussed previously such 
as AlGaN FET have been applied to detect myocyte contraction rhythms, but these are readings 
of live action potentials or electrical differences in the cell versus time that correlate with a 
contraction event.  There is a need to measure and record the contraction event without using the 
change in action potential as the indication.  By utilizing the intrinsic property of piezoelectricity, 
contraction measurements as a function of voltage and not cellular potential can be made, thus 
eliminating the necessity for microelectronic elements within a sensor.   
 
1.3 Piezoelectric polymers as sensing materials  
Piezoelectrics are a unique class of materials that are able to respond to both electrical 
and mechanical stimulation by producing a voltage when mechanically deformed or conversely, 
mechanically deform in response to an applied voltage.  Typically these materials are ceramics 
and are utilized in electronic, energy, sensor technology, and electromechanical applications [16, 
17] and [18].  Polymers however can introduce an entirely new range of properties and 
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functionalities to piezoelectric sensors due to their flexibility, versatility, and facile processing 
techniques.  Piezoelectric materials are seldom assessed in a biological context, as energy 
applications are more often the research focus.  However, some piezoelectric fluorinated 
polymeric (PFP) materials have been reported to be biocompatible and hold promise for tissue 
scaffolding and regenerative medicine, as well as for biological pressure sensor applications [19-
23].   
 
 
 
1.4 Goals and Relevance of Research  
As previously addressed, there is a current need to monitor myocyte contraction in situ to 
better understand the mechanisms behind it, as well as the potential for the development and 
testing of new therapies and drugs for those pathologies that affect contraction and electrical 
activity.  The goal of this dissertation is to design and characterize a biomaterial capable of 
measuring cardiomyocyte contraction in situ without the use of MEA, FET, or other 
microelectronic elements.  To achieve this goal three hypotheses were proposed to guide the 
research.   
 
1. H1: Nanofibers of piezoelectric fluoropolymers (PFP) respond to a mechanical 
deformation in the range of contractile cells with an distinct electrical signal 
 
Typically, piezoelectric materials are used for electronic sensing or flexible energy harvesting 
devices and the majority of these materials are ceramic.  This research has focused on utilizing 
one of only two known piezoelectric fluoropolymers in order to create a three dimensional 
scaffold capable of supporting cellular attachment and growth while also acting as a sensor.  This 
was achieved through the fabrication technique of electrospinning in order to produce non-woven 
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fibers with diameters less than 1 micron.  Chapter 4 focuses on the fabrication and 
characterization of these fibers as a cell-sensing platform.   
 In order to better ensure that cells used for preliminary sensing experiments would 
interact with the mainly hydrophobic piezoelectric fluoropolymer, a core-clad coaxial fiber 
morphology was employed.  This led to the second hypothesis.    
 
 
2.  H2: The addition of a cladding on the PFP fiber will not prohibit the nanogenerator 
signal readout but can enhance cellular interactions with the surface 
 
 
Much of the work in Chapter 3 describes the proteins and additional biopolymers considered for 
the cladding.  Additionally, Chapter 5 contains the experiments conducted on the core-clad 
piezoelectric fibers and the HeLa cell biological response to this system.   Due to the success with 
the initial experiments, the piezoelectric sensors were then optimized in order to promote the 
adherence of and to sustain the growth of rat neonatal cardiomyocytes (RCM).  This work was 
guided by the final hypothesis:  
3. H3: An optimized nanogenerator can measure cardiomyocyte contraction from 
either cells or tissues in situ  
 
The results of the RCM testing as well as the whole tissue experiments can be found in Chapter 6 
and 7 respectively.   Ultimately, the goal of creating a biologically friendly myocyte contraction 
sensor without microelectronic components was obtained, and this work illustrates the potential 
for using the system in drug discovery and treatment with contractile cells.     
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CHAPTER 2  
 
 
 
Background  
 
2.1 Heart Physiology 
 
The human heart is the muscle responsible for the circulation of blood within the body.  
The four main chambers of the heart include the right and left atriums and the right and left 
ventricles.  Autorhythmic cells, known as pacemakers, are located within the sinoatrial node (SA) 
andresponsible for establishing the depolarization and repolarization rate of the surrounding heart 
tissue.  A collection of specialized cell bundles known as the His-Purkinje fibers, enable 
conduction of an action potential from the atrium to the ventricles (Figure 7) [1].  Unlike organs 
such as the skin and the liver, the heart is considered a terminally differentiated tissue, meaning it 
is not believed to be capable of significant regeneration.  Cardiomyocytes (CM) are a primary cell 
type within the heart responsible for the contractile activity  and regenerate at a rate of 
approximately 1% per year although this percentage declines with age [2].    
 
 
 
Figure 7.  Illustration of the human heart revealing the chambers and electrical system (taken 
from http://accesstomedicine.files.wordpress.com/2011/11/heart.gif. 
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 Cultured CMs are used for heart research in a variety of applications, including 
exploration of suitable scaffolds for cardiac repair and regeneration, as well as the testing of 
pharmaceutical compounds for therapeutic or toxic potential [3].  However, once isolated from 
their natural environment and grown in standard cell culture conditions, CMs become static and 
can lose properties that are distinctive of their phenotype [4].  A major challenge for 
understanding contraction within cultured CMs is ensuring that cells maintain their phenotype 
and grow in a three-dimensional conformation more than several layers thick [5]. The topology of 
the substrate on which the CMs are grown is also an important factor to consider when culturing 
CMs.  For example Annabi et al. demonstrated that a lack of micropattern grooves on hydrogel 
scaffolds led to non-synchronous beating—one of the obvious phenotypes of CMs [6] .     
2.2 Congenital heart defects and electrical malfunction 
 
 Congenital heart defects (CHD) are responsible for 30- 50% of infant deaths associated 
with birth defects [7].  CHDs often arise from a genetic anomaly or chromosomal aberrations [8].  
Often a defect in the heart muscle, such as the ventricle, will lead to an arrhythmic condition 
manifesting as an irregular heartbeat.  Arrhythmia frequently occurs when the electrical 
conduction system within cardiac tissue malfunctions [9].  However, congenital defects that affect 
the development of heart muscle are not the only cause of electrical malfunction in infants.  Long 
QT syndrome is an inherited congenital defect which impacts the electrical conduction system 
within the heart [10].  The potassium channels within the heart, which regulate heart cell action 
potential, do not function properly and can incite a dangerous arrhythmia and sudden death [11].  
The standard treatment for CHD can vary from drugs, which affect cardiac ion channel 
functioning, to surgery to correct ventricle or atrial defects.  However, in order to treat long QT 
syndrome and other diseases that affect contraction, there needs to be a method to evaluate and 
experiment with the contraction profile of diseased CM cells.   
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2.3 Conductive and piezoelectric materials 
 
Synthetic polymers that are electrically conductive have been explored for use in cardiac 
tissue engineering with promising results.  In 2006, Li et al. report electrospun polyaniline 
(PANi) and gelatin fibers supported rat cardiac myoblasts [12]. More recently, Karagkiozaki et al. 
demonstrated that thin films created with the conductive polymer poly (3, 4-
ethylenedioxythiophene) (PEDOT) enhanced fibroblast attachment and proliferation compared to 
control glass slides [13].  It is important to note that these studies did not apply an external 
voltage to the conductive polymers after seeding with cells.  When an external voltage was 
applied, Hsiao et al. reported synchronized beating of CMs grown on electrospun PANi which is 
the same material used in Li et al. mentioned above.  Hsiao et al. also showed the same 
synchronized beating of CMS seeded on poly(lactic-co-glycolic acid) (PLGA) [14].  Additional 
groups have reported cardiac cells expressing cardio-specific proteins at a much higher level 
when grown on conductive polymer scaffolds when compared to traditional polymers [15, 16].  
However, conductive materials do not have the ability to monitor or measure the force of CM 
contraction in situ-they may be able to measure electrical changes but not respond to a 
deformation in real-time.   
 Piezoelectric materials are a unique class of materials that are typically utilized in 
electronic, energy, sensor technology, and other electromechanical applications [17-19]. Within a 
piezoelectric material, the crystal lattice is oriented in such a way that electric dipole moments 
can be induced via an electrical or mechanical stimulus [20].  The dipole moment allows the 
material to mechanically deform when exposed to an electrical current or conversely, to produce 
a voltage when the piezoelectric material is mechanically deformed.  The structure of the crystal 
lattice will determine the polarity of the dipoles within each material.  Piezoelectric materials are 
able to respond to their environment depending on a mechanical or electrical input/output, which 
differentiates them from materials that are conductive.     
17 
 
Several synthetic ceramics possess piezoelectric properties, including barium titanate 
(BaTiO3) and hydroxyapatite (HAP) [21].  However, from a biomaterial perspective, polymers 
have proven to be the material of choice in many applications [22].  There are only two synthetic 
piezoelectric polymers that have been explored for use in a tissue engineering context--
polyvinylidene fluoride (PVDF) and its constituent polyvinylidene fluoride trifluroethylene 
(PVDF-TrFe) [23, 24].  These semi-crystalline polymers have been of interest as biomaterial 
templates for electrically responsive tissues like cardiac tissue or nerve tissue.  Lee et al. have 
reported fabrication of an electrospun PVDF-TrFe scaffold which enabled neuron growth and 
neurite extension, which are critical properties for the regeneration of neural tissues [25].  Due to 
this research, it is believed that an electrospun network of the piezoelectric fluropolymer (PFP) 
PVDF-TrFe will most likely support CM adhesion and growth in culture, yielding the correct 
morphology for contraction sensing and analysis.   
PVDF-TrFe was chosen as the piezoelectric polymer based upon its higher percentage of 
polar β phase orientations without poling and documented biocompatibility [23].  The polar phase 
is mostly responsible for the piezoelectric properties, with other phases contributing significantly 
less [24].  The molecular orientation of this polymer can be seen in Figure 8, with a schematic 
illustration of the β phase orientation that occurs in PVDF-TrFe naturally.  The negatively 
charged fluorine groups create dipoles with the hydrogens and align, thus creating the 
electrostatic potential necessary to create and hold a charge during a deformation and relaxation 
event.   
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Figure 8. Chemical structure of PVDF-TrFe and orientation in the polar phase. 
 
 
2.4 Electrospinning  
Electrospinning is a facile technique often employed to create a non-woven fibrous 
polymer mat with individual fibers measuring less than 1 µm in diameter [26].  This cost effective 
process produces fibers that have increased surface -area to volume ratios and improved 
mechanical functions compared to other fiber processes or tissue scaffolds [27, 28].  In addition, 
the non-woven three-dimensionality of an electrospun scaffold mimics the extracellular matrix 
(ECM) of a cell [29].  The ECM is extremely important for cellular migration, proliferation, 
attachment, and regulation of a multitude of proteins/genes [30, 31].  The size of electrospun 
fibers impacts cellular adhesion and migration within a scaffold [32].  For this dissertation, fibers 
are between 300 nm-1µm in order to provide a large enough surface for cells to adhere, but not to 
promote isolation among cells.   
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Figure 9. Illustration of monoaxial electrospinning setup.   
 
The electrospinning setup consists of  three main parts: (1) a high voltage power supply 
(HVPS) (2) a syringe containing polymer and (3) a conductive collecting plate where fibers are 
deposited (Figure 9) [33].  The parameters which affect electrospinning are complex and involve:  
the polymer concentration in solution, the collection distance from the needle to the plate, the 
electric field applied to the polymer droplets leaving the needle, and the rate at which the polymer 
is fed through the needle [34].  The viscoelastic properties of the polymer and the instability of 
the droplet that forms from  charge accumulation in the presence of the applied electric field 
creates what is known as a Taylor cone [35].  When the applied voltage exceeds the surface 
tension, a polymer jet is extruded from the Taylor cone and whips towards the grounded 
collection plate [35]. The whipping motion serves to evaporate solvent and to draw the fiber to its 
final diameter.  The aforementioned parameters can be altered for each individual polymer and 
for different solvent systems in order to produce optimized fibers with the appropriate size and 
properties for the desired application.  Table 1 summarizes common electrospinning parameters 
and their effects on fiber diameter when electrospinning mostly neutral synthetic polymers.  
Biopolymers typically behave differently and have additional limitations for successful 
electrospinning.  The parameters highlighted in red are intrinsic solution properties that require 
more attention to change whereas the black parameters are extrinsic conditions easily modified.   
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Table 1. Electrospinning parameters for typical synthetic polymers. 
 
PARAMETER VARIABLE 
TO CHANGE 
  EFFECT 
ON FIBER 
DIAMETER 
REFERENCE 
COLLECTION DISTANCE Distance from 
needle tip to 
collection 
ground plate 
  Decrease 
with increase 
[36] 
VOLTAGE High voltage 
power supply 
charge 
  Increase with 
increase 
[37] 
PUMP RATE Ejection of 
polymer 
solution during 
electrospinning 
  Increase with 
increase 
[38] 
SURFACE TENSION Solvent choice 
(i.e. alcohol vs. 
organic),  
  Increase with 
decrease, also 
increases 
beading 
[39] 
CONDUCTIVITY/CHARGE 
DENSITY 
Adding salts, 
conductive 
polymer, etc. 
  Typically 
increase with 
increase 
[40, 41] 
VISCOSITY wt% polymer   Increase with 
increase 
[42, 43] 
 
 
 
 
 
Coaxial electrospinning is similar to monoaxial electrospinning mentioned above, but 
coaxial methods allow polymers to be simultaneously spun together, resulting in an inner and 
outer core-clad fiber structure [44].  This coaxial morphology can be seen in Figure 10 and shows 
the intended coaxial fiber to be used in this research, a core of PVDF-TrFe with a cladding of 
collagen.   
21 
 
 
Figure 10. Coaxial electrospinning. (a) Schematic illustration of modified glass syringe head and 
needle setup for coaxial configuration (b) Image of actual setup.   
 
 
2.5 Piezoelectric nanofibers  
PVDF and PVDF-TrFe have only been electrospun within the last two decades.  
Typically, thin films of these polymers are cast in order to harness the piezoelectric properties for 
applications such as sensors, capacitors, and batteries [45, 46].  Using the processing technique of 
electrospinning gives the advantage of higher surface-area to volume ratios.  A three-dimensional 
porous network of fibers can create a more efficient capacitor and typically these fibers are able 
to absorb more electrolyte than their thin film counterparts, and are generally more flexible with 
higher energy storage abilities [47].  
A revolutionary paper by Chang et al. in 2010 proved that electrical energy could be 
harvested and utilized from the mechanical deformation of aligned electrospun fibers of PVDF 
[48].  Termed the nanogenerator, this device was composed of a flexible plastic substrate, 
electrostatic discharge tape, and two aluminum electrodes to encourage spinning of aligned fibers 
(Figure 11).  It was reported to have higher energy conversion efficiency and better integration 
capabilities with other microelectronics due to the facile processing of the fibers and platform.   
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Figure 11.  Image taken from Chang et al. [40] revealing the fiber process and typical current and 
voltage data (top panel) and voltage vs. time plots of the aligned PVDF nanogenerators after 
deformation at different frequencies (bottom panel).   
 
  
In order to improve upon the sensitivity and efficiency of the nanogenerators, Persano et al. 
electrospun aligned PVDF-TrFe nanofibers and was able to get larger voltage outputs from a 
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smaller deformation force (0.1 Pa) [49].  While Chang and colleagues were able to demonstrate a 
5-30 mV output, Persano was able to achieve a 1V output, likely due to the fact that PVDF-TrFE 
has a stronger diapole alignment and therefore is a better piezoelectric than PVDF.   Additional 
applications for this paper explored an accelerometer and flexible sensors for robotics and 
microelectronics.   
 Since the creation of the first nanogenerators, research has been focused mainly on 
improving the piezoelectric efficiency of a system in order to use it in an energy or electronic 
application.   This may occur through doping the system with additional charged particles in order 
to enhance the piezoelectric β phase, and thus increase the piezoelectric potential of the material 
[50].  A phenomenon called piezocatalysis, which involves using piezoelectric potential in a 
constant state of strain, has been explored [51].   The strain state is important because it can affect 
the electrochemical activity level as it applies to capacitors and batteries.  Typically electrodes 
can be poled to induce charges in order to encourage current flow—however by deforming a 
piezoelectric  there is no need for an external power source because the current will flow based 
upon the strain on the piezoelectric, as demonstrated by the work of Starr and colleagues [51].  
Nanogenerators and piezoelectric electrospun fibers have enormous potential in the field of 
energy harvesting devices and microelectronics as demonstrated above- but to date there is an 
absence of researched biological applications.   
 In order to explore the potential for nanogenerators as cell-based sensors that convert 
mechanical deformation energy into a voltage that signifies a contraction event, fabrication and 
characterization of an optimized nanogenerator was explored.  This included exploring several 
different biopolymers to be used as a clad in a coaxially configured nanogenerator.   
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2.6 Natural polymers as clad candidates for the nanogenerator 
 
2.6.1 Collagen  
Collagen is a fibrous protein found in mammalian connective tissue and organs.  It is 
composed primarily of the amino acids hydroxyproline, (HYP), proline (PRO), and glycine 
(GLY), and it exhibits a hierarchial structure [52].  Three individual helices of collagen are 
wound together to form a larger helix known as tropocollagen, which is approximately 300 nm in 
length.  The tropocollagen helices form the larger collagen fibrils which are approximately 1 µm 
long [53]. Within the myocardium, collagen fibrils form a network which contributes to elasticity 
and to contraction.  Of the thirteen types of collagen, Type I and Type III compose cardiac tissue 
[54].  
 
2.6.2 Elastin  
Elastin, as the name suggests, is a fibrous protein that is responsible for the elastic 
deformation and recovery behavior of organs and tissue.  Similar to collagen, elastin in its mature 
state is composed of a polymerized  molecule crosslinked  via desmosine or isodesmosine 
junctions called tropoelastin [55].  Elastin is an important component of the cardiomyocyte ECM 
[56].   
 
 
 
 
 
 
 
 
25 
 
2.7 References  
[1] James TN. Morphology of the human atrioventricular node, with remarks pertinent to its 
electrophysiology. American Heart Journal 1961;62:756-71. 
[2] Kreutziger K, Murry C. Engineered Human Cardiac Tissue. Pediatr Cardiol 2011;32:334-41. 
[3] Elliott NT, Yuan F. A review of three-dimensional in vitro tissue models for drug discovery and 
transport studies. Journal of Pharmaceutical Sciences 2011;100:59-74. 
[4] Mitcheson JS, Hancox JC, Levi AJ. Cultured adult cardiac myocytes: Future applications, 
culture methods, morphological and electrophysiological properties. Cardiovascular Research 
1998;39:280-300. 
[5] Leor J, Amsalem Y, Cohen S. Cells, scaffolds, and molecules for myocardial tissue engineering. 
Pharmacol Ther 2005;105:151-63. 
[6] Annabi N, Tsang K, Mithieux SM, Nikkhah M, Ameri A, Khademhosseini A, et al. Highly Elastic 
Micropatterned Hydrogel for Engineering Functional Cardiac Tissue. Advanced Functional 
Materials 2013:n/a-n/a. 
[7] Gilboa SM, Salemi JL, Nembhard WN, Fixler DE, Correa A. Mortality Resulting From 
Congenital Heart Disease Among Children and Adults in the United States, 1999 to 2006. 
Circulation 2010;122:2254-63. 
[8] Formigari R, Michielon G, Digilio MC, Piacentini G, Carotti A, Giardini A, et al. Genetic 
syndromes and congenital heart defects: how is surgical management affected? European 
Journal of Cardio-Thoracic Surgery 2009;35:606-14. 
[9] James TN. Congenital disorders of cardiac rhythm and conduction. J Cardiovasc 
Electrophysiol 1993;4:702-18. 
[10] Crotti L, Celano G, Dagradi F, Schwartz P. Congenital long QT syndrome. Orphanet Journal of 
Rare Diseases 2008;3:18. 
[11] Jongbloed R, Marcelis C, Velter C, Doevendans P, Geraedts J, Smeets H. DHPLC analysis of 
potassium ion channel genes in congenital long QT syndrome. Human Mutation 2002;20:382-91. 
[12] Li M, Guo Y, Wei Y, MacDiarmid AG, Lelkes PI. Electrospinning polyaniline-contained gelatin 
nanofibers for tissue engineering applications. Biomaterials 2006;27:2705-15. 
[13] Karagkiozaki V, Karagiannidis PG, Gioti M, Kavatzikidou P, Georgiou D, Georgaraki E, et al. 
Bioelectronics meets nanomedicine for cardiovascular implants: PEDOT-based nanocoatings for 
tissue regeneration. Biochimica et Biophysica Acta (BBA) - General Subjects. 
26 
 
[14] Hsiao C-W, Bai M-Y, Chang Y, Chung M-F, Lee T-Y, Wu C-T, et al. Electrical coupling of 
isolated cardiomyocyte clusters grown on aligned conductive nanofibrous meshes for their 
synchronized beating. Biomaterials 2013;34:1063-72. 
[15] Kai D, Prabhakaran MP, Jin G, Ramakrishna S. Polypyrrole-contained electrospun conductive 
nanofibrous membranes for cardiac tissue engineering. Journal of Biomedical Materials 
Research Part A 2011;99A:376-85. 
[16] Kai D, Prabhakaran MP, Jin G, Ramakrishna S. Biocompatibility evaluation of electrically 
conductive nanofibrous scaffolds for cardiac tissue engineering. Journal of Materials Chemistry B 
2013;1:2305-14. 
[17] Akaydın HD, Elvin N, Andreopoulos Y. Wake of a cylinder: a paradigm for energy harvesting 
with piezoelectric materials. Exp Fluids 2010;49:291-304. 
[18] Karpelson M, Gu-Yeon W, Wood RJ. Milligram-scale high-voltage power electronics for 
piezoelectric microrobots.  Robotics and Automation, 2009 ICRA '09 IEEE International 
Conference on2009. p. 2217-24. 
[19] Umapathy M, Sujan Y, Suresh K. Piezoelectric based resonance displacement sensor.  
Sensors Applications Symposium (SAS), 2013 IEEE2013. p. 193-6. 
[20] Birkholz M. Crystal-Field Induced Dipoles in Heteropolar Crystals .1. Concept. Z Phys B Con 
Mat 1995;96:325-32. 
[21] Yu S-W, Kuo S-T, Tuan W-H, Tsai Y-Y, Wang S-F. Cytotoxicity and degradation behavior of 
potassium sodium niobate piezoelectric ceramics. Ceramics International 2012;38:2845-50. 
[22] Costa R, Ribeiro C, Lopes AC, Martins P, Sencadas V, Soares R, et al. Osteoblast, fibroblast 
and in vivo biological response to poly(vinylidene fluoride) based composite materials. J Mater 
Sci: Mater Med 2013;24:395-403. 
[23] Weber N, Lee YS, Shanmugasundaram S, Jaffe M, Arinzeh TL. Characterization and in vitro 
cytocompatibility of piezoelectric electrospun scaffolds. Acta Biomaterialia 2010;6:3550-6. 
[24] Lee YS, Arinzeh TL. Electrospun Nanofibrous Materials for Neural Tissue Engineering. 
Polymers-Basel 2011;3:413-26. 
[25] Lee Y-S, Collins G, Livingston Arinzeh T. Neurite extension of primary neurons on 
electrospun piezoelectric scaffolds. Acta Biomaterialia 2011;7:3877-86. 
[26] Schiffman JD, Schauer CL. Cross-linking chitosan nanofibers. Biomacromolecules 
2007;8:594-601. 
27 
 
[27] Beachley V, Wen XJ. Effect of electrospinning parameters on the nanofiber diameter and 
length. Mat Sci Eng C-Bio S 2009;29:663-8. 
[28] Hsu YM, Chen CN, Chiu JJ, Chang SH, Wang YJ. The effects of fiber size on MG63 cells 
cultured with collagen based matrices. J Biomed Mater Res B Appl Biomater 2009;91:737-45. 
[29] Han D, Gouma P-I. Electrospun bioscaffolds that mimic the topology of extracellular matrix. 
Nanomedicine: Nanotechnology, Biology and Medicine 2006;2:37-41. 
[30] Hsu FY, Hung YS, Liou HM, Shen CH. Electrospun hyaluronate-collagen nanofibrous matrix 
and the effects of varying the concentration of hyaluronate on the characteristics of foreskin 
fibroblast cells. Acta Biomater 2010;6:2140-7. 
[31] Lynch MP, Stein JL, Stein GS, Lian JB. The influence of type I collagen on the development 
and maintenance of the osteoblast phenotype in primary and passaged rat calvarial osteoblasts: 
modification of expression of genes supporting cell growth, adhesion, and extracellular matrix 
mineralization. Exp Cell Res 1995;216:35-45. 
[32] Keun Kwon I, Kidoaki S, Matsuda T. Electrospun nano- to microfiber fabrics made of 
biodegradable copolyesters: structural characteristics, mechanical properties and cell adhesion 
potential. Biomaterials 2005;26:3929-39. 
[33] Li D, Xia YN. Electrospinning of nanofibers: Reinventing the wheel? Adv Mater 
2004;16:1151-70. 
[34] Greiner A, Wendorff JH. Electrospinning: A fascinating method for the preparation of 
ultrathin fibres. Angew Chem Int Edit 2007;46:5670-703. 
[35] Reneker DH, Chun I. Nanometre diameter fibres of polymer, produced by electrospinning. 
Nanotechnology 1996;7:216-23. 
[36] Doshi J, Reneker DH. Electrospinning process and applications of electrospun fibers.  
Industry Applications Society Annual Meeting, 1993, Conference Record of the 1993 IEEE: IEEE; 
1993. p. 1698-703. 
[37] Liu Y, Dong L, Fan J, Wang R, Yu J-Y. Effect of applied voltage on diameter and morphology 
of ultrafine fibers in bubble electrospinning. Journal of Applied Polymer Science 2011;120:592-8. 
[38] Zargham S, Bazgir S, Tavakoli A, Rashidi AS, Damerchely R. The Effect of Flow Rate on 
Morphology and Deposition Area of Electrospun Nylon 6 Nanofiber. 
[39] Fong H, Chun I, Reneker D. Beaded nanofibers formed during electrospinning. Polymer 
1999;40:4585-92. 
28 
 
[40] Fridrikh SV, Yu JH, Brenner MP, Rutledge GC. Controlling the Fiber Diameter during 
Electrospinning. Physical Review Letters 2003;90:144502. 
[41] Demir MM, Yilgor I, Yilgor E, Erman B. Electrospinning of polyurethane fibers. Polymer 
2002;43:3303-9. 
[42] Beachley V, Wen X. Effect of electrospinning parameters on the nanofiber diameter and 
length. Materials science & engineering C, Materials for biological applications 2009;29:663-8. 
[43] Mit-uppatham C, Nithitanakul M, Supaphol P. Ultrafine Electrospun Polyamide-6 Fibers: 
Effect of Solution Conditions on Morphology and Average Fiber Diameter. Macromolecular 
Chemistry and Physics 2004;205:2327-38. 
[44] Kurban Z, Lovell A, Bennington SM, Jenkins DWK, Ryan KR, Jones MO, et al. A Solution 
Selection Model for Coaxial Electrospinning and Its Application to Nanostructured Hydrogen 
Storage Materials. The Journal of Physical Chemistry C 2010;114:21201-13. 
[45] Fujitsuka N, Sakata J, Miyachi Y, Mizuno K, Ohtsuka K, Taga Y, et al. Monolithic pyroelectric 
infrared image sensor using PVDF thin film. Sensors and Actuators A: Physical 1998;66:237-43. 
[46] Yu X, Rajamani R, Stelson KA, Cui T. Carbon nanotube-based transparent thin film acoustic 
actuators and sensors. Sensors and Actuators A: Physical 2006;132:626-31. 
[47] Kim JR, Choi SW, Jo SM, Lee WS, Kim BC. Electrospun PVdF-based fibrous polymer 
electrolytes for lithium ion polymer batteries. Electrochimica Acta 2004;50:69-75. 
[48] Chang C, Tran VH, Wang J, Fuh Y-K, Lin L. Direct-Write Piezoelectric Polymeric 
Nanogenerator with High Energy Conversion Efficiency. Nano Letters 2010;10:726-31. 
[49] Persano L, Dagdeviren C, Su Y, Zhang Y, Girardo S, Pisignano D, et al. High performance 
piezoelectric devices based on aligned arrays of nanofibers of poly(vinylidenefluoride-co-
trifluoroethylene). Nat Commun 2013;4:1633. 
[50] Dhakras D, Borkar V, Ogale S, Jog J. Enhanced piezoresponse of electrospun PVDF mats with 
a touch of nickel chloride hexahydrate salt. Nanoscale 2012;4:752-6. 
[51] Starr MB, Wang X. Fundamental Analysis of Piezocatalysis Process on the Surfaces of 
Strained Piezoelectric Materials. Sci Rep 2013;3. 
[52] Persikov AV, Ramshaw JAM, Brodsky B. Prediction of Collagen Stability from Amino Acid 
Sequence. Journal of Biological Chemistry 2005;280:19343-9. 
[53] Buehler MJ. Nature designs tough collagen: Explaining the nanostructure of collagen fibrils. 
Proceedings of the National Academy of Sciences 2006;103:12285-90. 
29 
 
[54] Weber KT, Sun Y, Tyagi SC, Cleutjens JPM. Collagen Network of the Myocardium: Function, 
Structural Remodeling and Regulatory Mechanisms. Journal of Molecular and Cellular Cardiology 
1994;26:279-92. 
[55] Debelle L, Tamburro AM. Elastin: molecular description and function. The International 
Journal of Biochemistry & Cell Biology 1999;31:261-72. 
[56] Clayton RH, Bernus O, Cherry EM, Dierckx H, Fenton FH, Mirabella L, et al. Models of cardiac 
tissue electrophysiology: Progress, challenges and open questions. Progress in Biophysics and 
Molecular Biology 2011;104:22-48. 
 
30 
 
CHAPTER 3 
 
Native collagen fibers and natural piezoelectric materials  
 
3.1 Introduction to native collagen fibers 
 
 Collagen is the most abundant biopolymer within the human body, accounting for one-
third of the protein content [1].  It is found in a variety of organs and frequently used as a 
biocompatible material for cell culture [2].  Electrospinning collagen has resulted in a large body 
of literature suggesting that even though electrospun collagen scaffolds support cellular adhesion 
and growth, it most likely is denatured due to the harsh solvents and chemicals used during 
processing [3].  Although electrospun collagen scaffolds have shown to support a variety of cell 
cultures, including osteoblasts and chondrocytes, it also raises the idea that there exists a need to 
prepare native collagen scaffolds [4].  Zaman et al. have demonstrated that cells respond with 
different integrins and signaling pathways when presented with native collagen versus a 
denatured and dehydrated form (i.e. gelatin) and this in turn could affect the goal of the cell 
culture research [5].   The first part of this chapter explores electrospinning of collagen in two 
different solvent systems in order to observe the effects on fiber morphology and provide insight 
into the collagen electrospinning process.  In addition, a coaxial configuration of electrospun 
native collagen protected by a polyethylene oxide (PEO) cladding is described and the structures 
of these systems are explored in terms of their native or denatured state.   
 The second portion of this chapter explores the use of electrospun collagen and native 
collagen as a potential piezoelectric material. Natural bone piezoelectricity is believed to derive 
from aligned collagen fibrils. This piezoelectricity most likely comes from the hexagonal packing 
and triple helical structure of native collagen fibrils which provides polar alignment [6].  In order 
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to move away from using the synthetic hydrophobic fluoropolymer as the basis for the 
electrospun sensor for myocyte contraction, a “natural” piezoelectric material has been 
researched.  Electrospun aligned collagen fibers with hydroxyapatite (HAP were created in order 
explore potential piezoelectric properties).  In addition, the native collagen gels were also created 
and tested.   
 
 
3.2 Materials and methods for native collagen electrospinning 
3.2.1 Electrospinning monoaxial collagen and DHT crosslinking 
 Lyophilized bovine S-semed (acid soluble) collagen was a generous gift from the Kensey 
Nash Corporation.  Ethyl alcohol (EtOH 200 proof), sodium chloride, potassium chloride, sodium 
phosphate, and potassium phosphate were all purchased from Sigma Aldrich and used as 
received.  Distilled water was obtained from the Millipore Milli-Q system (EMD Millipore, 
Billerica, MA).   The 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was purchased from Oakwood 
Chemicals (West Columbia, SC) and used as received.  Phosphate salts were used to make a 40X 
and 20X PBS stock solutions according to well-documented protocols.   
 Collagen was prepared as a 16 wt% solution in a 1:1 solvent system of 20X PBS and 
EtOH.  The polymer solution was allowed to dissolve overnight and then loaded into a 10 mL 
Becton Dickinson (BD) plastic syringe fitted with a 20 gauge needle.  Solutions were electrospun 
at 0.9 mL/hr and 14 kV with a collection distance of 12 cm.  Collagen solutions were additionally 
prepared in HFIP at an 8 wt% concentration and electrospun at 0.9 mL/h and 15 kV with a 
collection distance of 10 cm.  The positive electrode of a high voltage power supply (Gamma 
High Voltage Research, Ormond Beach, FL) was connected to the syringe needle with a metal 
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wire serving as the ground for the aligned electrospinning setup.  The syringe was placed on an 
advancement pump (Harvard Apparatus, Plymouth Meeting, PA) to maintain a constant flow rate. 
 Collagen-HFIP fibers were crosslinked for downstream staining experiments through a 
dehydrothermal method (DHT) by placing the electrospun fibers in an oven (Blue M TPS 
Solutions, Whitedeer, PA) at 140 ⁰C for 24 hours.   
 
3.2.2 Electrospinning monoaxial collagen and elastin 
 In order to incorporate additional biopolymers into the electrospun fibers for downstream 
cellular applications, insoluble elastin was made soluble via the Patridge et al. method [7].  
Briefly, elastin was heated in oxalic acid (Sigma Aldrich) with a series of centrifugations in order 
to obtain the end product of lyophilized soluble elastin.  A final 4:1 concentration of 
collagen:elastin was prepared based upon the initial 16 wt% of collagen in the 1:1 20X 
PBS/EtOH solvent system.  The solution was allowed to mix overnight and then loaded into a 
plastic BD syringe fitted with a 20 gauge needle and electrospun at a 14 cm collection distance at 
1.0 mL/hr and 17 kV.  
3.2.3 Electrospinning coaxial BD collagen and PEO and creation of BD fibrous gels 
 To create a native collagen electrospun fiber, BD rat tail collagen (10 mg/mL BD 
Biosciences, Franklin Lakes, NJ) was loaded into the inner syringe of the coaxial setup previously 
described in Chapter 2.  A 5 wt% solution of PEO in dH2O was prepared and used as the clad 
polymer loaded into the outer syringe.  The BD collagen was electrospun at a rate of 0.5 mL/hr 
while the PEO clad was pumped at a rate of 0.9 mL/hr.  The collection distance was kept at 10 cm 
and the voltage was 12 kV.   
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 After coaxial fibers were obtained, the samples were gelled according to the BD collagen 
gelation protocol.  The amount of collagen used in the fibers was estimated and used to make a 
calculation about the amount of 1X PBS, EtOH, and NaOH necessary for the protocol.  Fibers 
were exposed to the calculated amount of ice cold PBS, EtOH and NaOH in succession before 
being placed in the oven and heat for 30 min at 37 °C 
3.2.4 Fiber morphology and chemical analysis of crosslinking 
Monoaxial collagen in both solvent systems, coaxial BD collagen-PEO fibers, and 
collagen/elastin fibers were sputter coated with platinum/palladium at 40 mA for 35 s 
(Cressington Scientific 108 Auto, Watford, UK) and then imaged with field emission scanning 
electron microscopy (FESEM Zeiss VP5 Supra).  Image J® was utilized to analyze fiber 
diameters (n=50) and characterize fiber morphology.  In order to chemically verify crosslinks 
formed from collagen DHT crosslinking, attenuated total reflectance Fourier transform infrared 
microscopy (ATR-FTIR) (Thermo Nicolet Nexus 870 ThermoScientific, MA) was performed 
with 64 scans within the wavelength range of 4000 to 500 cm-1.   
 
3.2.5 Chondrex staining and UV-Vis spectroscopy of collagen fibers  
All collagen samples prepared (including electrospun and gelled) were fabricated at least 
three times and then stained according to the Chondrex (Chondrex, Inc.) Sirius Red/Fast green 
protocol.  Briefly samples were incubated at room temperature for 30 min in dye solution and 
then washed with dH2O and allowed to dry for 15 min before further experimentation.  Images 
were taken with an optical Olympus TH3 microscope (Olympus Corporation).  Reflectance data 
was obtained from three different areas on three samples for each type of collagen fiber/fibril 
with an Ocean Optics Micropak DH2000 UV-Vis fiber optic wand attachment and software 
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(Ocean Optics).   This was used to further quantify the amount of red and green stain present 
within samples.   
3.2.6 AFM imaging of collagen fibers  
Samples were prepared in small 1 mm x 1 mm sections and placed onto Bruker AFM 
imaging stubs.  Representative sample AFM micrographs were used for analysis, with at least 3 
areas on three different samples collected.  Additional information about the AFM make and 
settings can be found in Chapter 8.   
 
 
3.3 Results  
3.3.1. Electrospinning collagen and elastin monoaxially 
 
 All electrospinning conditions and experimental conditions utilized to create collagen 
fibers are depicted in Table 1.  Typically, electrospun systems have to be optimized for fiber 
diameter and morphology in order to achieve a consistent fibrous network.  Varying the 
electrospinning voltage and fiber system often has dramatic effects on fiber diameter and 
morphology.  This can be seen in Figure 12, which displays the smooth cylindrical morphology 
obtained with the HFIP solvent, and the heavily salted thin fibers obtained with the 10x and 20X 
PBS/EtOH solvent system.  Figure 12 a-d reveal the collagen-HFIP fibers electrospun at different 
voltages with the flow rate and collection distance held constant.  As shown, an increase in 
electrospinning voltage results in a decreased fiber diameter.  Figure 12e displays fiber 
morphology of the collagen dissolved in the 10x PBS/EtOH system resulting in cylindrical 
consistent fibers that are inundated with phosphorous salt crystals.  Increasing the PBS 
concentration in the solvent system decreased fiber production and quality of fibers fabricated 
along with fiber diameter, as shown in Figure 12f.  Elastin addition into the collagen 20x 
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PBS/EtOH system resulted in an increased fiber diameter and different fiber morphology.    These 
trends are reflected in Table 2.    
 
Table 2. Electrospinning conditions for collagen and collagen/elastin fibers 
 
 
 
Figure 12.  SEM micrographs of collagen or collagen/elastin fiber morphology as described in 
Table 2.  (a)collagen-HFIP 10 kV (b) collagen-HFIP 12 kV (c) collagen-HFIP 15 kV (d) 
collagen-HFIP 17 kV (e) collagen 10x PBS/EtOH (f) collagen 20x PBS/EtOH (g) col/elastin 4:1 
10x PBS/EtOH  
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Figure 13 is an enhanced SEM micrograph revealing the salt crystals obtained in the collagen 
electrospun fibers (Figure 13a) and the smooth morphology obtained with the HFIP (Figure 13b).   
 
 
 
 
 
 
 
 
Figure 13. SEM micrographs of collagen electrospun from (a) 10 x PBS/EtOH solvent and (b) 
HFIP. 
 
 
Figure 14 reinforces the trend observed when collagen-HFIP solutions are electrospun with 
increasing voltages.  This trend is often observed with synthetic polymers that are neutral and is 
most likely due to the tighter charge distribution within the electrospun fiber at higher voltages, 
resulting in the smaller fiber [8].   
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Figure 14. Collagen-HFIP fiber diameter as a factor of voltage.   
 
 
Due to the robustness of the system, collagen-HFIP fibers were chosen for all future experiments 
regarding the native or denatured state of the collagen polymer.  Before the fibers could be 
stained with Chondrex they needed to be crosslinked in order to withstand immersion in aqueous 
solutions.  There is no significant difference in fiber morphology after DHT crosslinking, as 
shown in Figure 15.  After staining with Chondrex, both as spun and DHT crosslinked collagen-
HFIP fibers possessed mainly green (denatured) regions with several fibrous areas appearing 
brownish-red (native).  In order to verify that the Chondrex stain was working properly, gelatin 
granules, which acted as the positive control stained green, which can be seen in the lower left 
panel of Figure 15.  There was no difference in Chondrex staining observed between the as spun 
and DHT crosslinked collagen fibers.  
38 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. SEM micrographs of collagen fiber morphology electrospun in HFIP (a) before and 
after DHT crosslinking (top panel) with 10 µm 1 µm scale bars (inset).  Chondrex stain revealing 
both native (red) and denatured (green) collagen in electrospun collagen fibers (bottom panel)  (b) 
FTIR spectra of electrospun collagen fibers both as spun and after dehydrothermal (DHT) 
crosslinking revealing the amide II peak change indicative of more crosslinks.  
 
Gelatin 
As spun DHT crosslinked 
Col 
Col DHT 
Amide II 
a 
b 
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Figure 15b  reveals the FTIR spectra of electrospun collagen fibers both as spun and after DHT 
crosslinking.  A shift within the peaks describes the surrounding envrioment of the group 
hydrogen bonding and drying, therefore indicating that the collagen has most likely been 
crosslinked to some degree [9].    
 
 
3.3.2 Collagen BD fibrous gel morphology  
 
 Protection of proteins within a polymer cladding could result in a native structure during 
electrospinning, therefore BD liquid collagen was electrospun within a PEO clad.  As shown in 
Figure 16, there is a random fibrous mesh created during the coaxial process with fibers 
possessing an average diameter of 185 nm.  SEM imaging reveals a possible stretching and 
fracture of the fiber to reveal the contrast between the inner core of BD collagen and the outer 
PEO shell, as shown in the inset in Figure 16a.  In order to promote a crosslinked fiber 
morphology, the coaxially electrospun fibers were processed according to a typical BD collagen 
gelation procedure which would render the fiber insoluble in aqueous solutions.  After the 
neutralization and heating treatment, PEO-BD collagen fibers decrease to 132 nm, which was 
expected due to the solubility of PEO in aqueous environments.  However, a random fibrous 
network remain intact as shown in Figure 16b, revealing a possible banding pattern on the surface 
of the fiber which may be the D-banding seen in native collagen. For the remainder of this 
chapter, the gelled PEO-BD collagen coaxial fibers will be referred to as BD collagen fibrous 
gels.   
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3.3.3 Gelation protocol affects BD fibrous gel morphology 
 The typical gelation protocol involves soaking the coaxial fibers within a 1 M aqueous 
NaOH and EtOH solution followed by heating at 37 ⁰ C for approximately 30 min.  Because 
collagen fibril formation and self-assembly is highly dependent on temperature and gelation 
conditions [10], altering these parameters were investigated in order to (1) investigate the effects 
on the system and (2) determine whether any of these alternation led to a more “native” or 
optimized BD collagen fibrous gel.  Figure 17 reveals the fiber morphology after gelation times 
of 10 and 20 min, in addition to heating the fibers before neutralization.  As shown in Figure 17a, 
an apparent morphology effect can be observed after a gelation time of only 10 min.  Fibrils are 
bunched together and do not appear to resemble an electrospun morphology.  Results from the 
Chondrex stain reveal that there are large regions of green (non-collagenous protein) with some 
red (native collagen) areas along the edge of the sample.   
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Figure 16. SEM morphology of BD collagen fibrous gels (a) As spun PEO-BD collagen fibers 
along with histogram distribution of fiber diameters (b) BD collagen fibers after gelation 
procedure with histogram distribution of fiber diameters.   
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Figure 17.  SEM morphology and Chondrex staining of BD fibrous gels (a) gelation time of 10 
min (b) gelation time of 20 min (c) heating then neutralization (HTN)  
 
After 20 min of gelation, fibers are more distinct and clearly present from SEM imaging (Figure 
17b).  The Chondrex staining also reveals a larger area of red staining compared to the green, 
suggesting that a longer gelation time can lead to a more native form of the BD collagen fibers.  
Figure 17c displays fiber morphology of BD collagen fibers after the heating step was initiated 
before the neutralization steps.  This resulted in crystallized fiber morphology, most likely due to 
the NaOH used for neutralization, which remained even after subsequent washes with dH2O.  
Interestingly the Chondrex stain revealed bright red staining with a much smaller area of green 
stain compared to the timed gelation samples.  Overall, the samples that were gelled for 10 min 
had the largest fiber diameters at approximately 360 nm, while the 20 min gelation and HTN 
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samples revealed fiber diameters very similar to what was observed with the typical gelation 
procedure described in the previous section.   
3.3.4 Aligned BD collagen fibrous gels  
              Due to the fact that the actual gelation protocol for BD collagen induces the self-
assembly of collagen fibrils, it is difficult to determine whether the fibrous morphology observed 
stems from the coaxial electrospun configuration of the protected core.  In order to understand 
this process better, aligned PEO-BD collagen fibers were electrospun with the idea that aligned 
fibers would be the electrospun BD collagen and random fibers would be the spontaneous 
collagen fibrils.   
 
 
 
Figure 18. SEM micrographs and Chondrex stain of aligned BD collagen fibrous gel (a) PEO-BD 
collagen fibers as spun aligned (b) BD collagen fibrous gel after gelation along with histogram 
distribution of fiber diameter and Chondrex staining revealing aligned and native regions of 
fibers.     
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Figure 18 displays the morphology of aligned PEO-BD fibers revealing areas of alignment and 
areas of random fibers.  In addition, there are areas of beading, suggesting that the electrospinning 
parameters for the creation of aligned fibers may not have been optimal due to the increased 
complexity of the coaxial system.  After gelation, areas of aligned fibers can be seen in Figure 
18b, which appear to have similar diameters to what was previously obtained with the random 
BD collagen fibrous gels.  Chondrex staining reveals areas of aligned fibers that stain both green 
and red, and areas of red fibers that are random.  It is believed that these are random fibrils 
formed directly from the gelation procedure and not from the electrospinning process.   
 
3.3.5 Comparison of collagen fiber fabrication methods and native vs denatured states 
        Collagen gels fabricated according to manufacturer protocol, electrospun collagen in HFIP, 
and BD collagen fibrous gels were compared in order to determine morphology and 
native/denatured states.  Figure 19 summarizes and compares the fiber morphology, diameter, 
Chondrex staining, and actual red/green reflectance values measured with UV-Vis spectroscopy.   
As shown, the control collagen fibrils (which should be native) had an average diameter of 145 
nm and possess striations that can be faintly seen in the SEM micrograph from Figure 19a.  These 
D-bands are conclusively shown in the AFM imagery from Figure 20.  In addition, the collagen 
gels appear to stain dark red, with some areas of green as shown from the Chondrex stain.  The 
electrospun collagen fibers from HFIP reveal a smooth cylindrical morphology and the largest 
fiber diameter at 954 nm and stain mostly green, as shown from Figure 19b.  These samples were 
expected to be denatured and AFM analysis confirmed an absence of D-bands as revealed in 
Figure 21.  The BD collagen fibrous gels are statistically the same diameter as the native collagen 
gels at 132 nm and stain bright red with areas of green.  The fibers are not smooth and cylindrical 
like the collagen-HFIP fibers but do not possess the D-banding that is somewhat apparent in the 
native gels with SEM microscopy.  AFM analysis was inconclusive as to the presence of D-
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banding, as several images appear to reveal several areas of banding, while others appear smooth 
(Figure 22).  It is likely that areas of the BD collagen fibrous gel are native and areas are 
denatured.  This is supported by Figure 19d, which depicts the integration area from the 
reflectance UV-Vis spectroscopy data.  Integration under the wavelength curves revealed the 
collagen gels had the lowest integrated area of green, while the collagen-HFIP fibers had the 
highest with the BD collagen fibrous gels in the middle.  This suggests that collagen-HFIP fibers 
are generally denatured, collagen gels are native, and BD collagen fibrous gels fall in the middle 
of the spectrum with areas of native and denatured fibers.   
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Figure 19. Comparison of collagen fiber fabrication methods including SEM micrographs, 
Chondrex staining, and UV-Vis reflectance for green and red (a) Collagen gels (b) collagen-HFIP 
fibers (crosslinked with DHT method) (c) BD collagen fibrous gels. 
d 
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Figure 20. AFM imaging of collagen gels revealing D-banding.  Scale resolutions are 5.0 and 1.7 
µm.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. AFM imaging of collagen-HFIP electrospun fibers revealing a generally smooth 
morphology with wrinkles but no D-banding.  Scale resolutions are 5.0 and 1.7 µm.   
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Figure 22. AFM imaging of BD collagen fibrous gels revealing possible areas of D-banding, 
magnified in the bottom panel. Scale resolutions are 5.0 and 1.7, and 2.0 µm.   
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3.4 Discussion of native collagen fibers and electrospinning 
 
              Collagen is a unique biopolymer with a complex triple helical structure that is 
responsible for its properties and functions [1].  Native collagen possess approximately 50 
moieties that modulate fibrinogenesis and fibronectin organization to allow specialized cellular 
integrins to bind to and initiate signal cascades that affect overall cellular cytoskeletal function 
and processes [11].  Electrospinning native proteins is a difficult task due to the harsh organic 
solvents and processing conditions required to make biopolymers such as collagen and elastin 
soluble.  Zeugolis et al. have found that using fluorinated alcohols like HFIP create robust 
cylindrical collagen fibers, but these fibers lack the hallmark characteristics of the native collagen 
structure (i.e. D-banding, dissolution in aqueous environments, etc.) [3].  While numerous papers 
cite cell attachment, proliferation, and growth within electrospun collagen scaffolds, most of 
these papers do not consider the fact that their scaffolds may in fact be more synonymous with 
gelatin than collagen.  Grover et al. has published research indicating cells will use different 
integrin receptors when attaching to gelatin vs. collagen films, and this in turn can affect the 
biological signal cascade and cell behavior [12].   
                 Due to the ability to shield an inner solution with an outer cladding, coaxial 
electrospinning is a natural choice to create a native collagen fiber from a highly purified and 
native liquid collagen from BD Biosciences.  SEM imaging, Chondrex staining, AFM, and UV-
Vis spectroscopy reveal that overall collagen-HFIP fibers appear to be mostly denatured with the 
absence of discernable D-bands (Figures 19 and 21).  BD collagen gels that were not electrospun 
but instead formed using the standard gelation protocol yield discernable D-banding patterns and 
a fibrous self-assembled network (Figures 19 and 20).  The electrospun BD collagen fibrous gels 
fall in the middle of this spectrum and appear to have some D-banding present in the AFM 
images and stain with various intensities of red.  This staining was affected by gelation protocol 
including the time and the order of the heating and neutralization steps.  Overall, it appears as 
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though coaxial electrospinning has promise as a tool to protect native proteins and produce a 
native form of collagen.  However, it was difficult to discern whether the fibers observed were 
actually the electrospun fibers made insoluble by the gelation process, or if they were the self-
assembled fibers.  Additionally, it was not conclusively proven that the PEO cladding was fully 
removed, and this could have affected the experiments to indicate denatured regions.  Aligning 
the fibers in order to elucidate this information yielded evidence of both types of fibers present 
(the aligned coaxial electrospun fibers and the self-assembled fibers protruding from the coaxial 
fibers).  Further investigation with the coaxial system with a variety of non-spinnable proteins 
protected in the inner core is necessary in order to conclusively prove the setup can be utilized for 
native electrospinning.  
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3.5 Introduction to collagen piezoelectricity  
 
 Piezoelectricity was formerly thought to be a phenomenon only observed in non-
biological materials until Fukada et al. discovered bone yielded an electrical signal when exposed 
to a shearing force [13].  Since this initial discovery, numerous authors have published on bone 
piezoelectricity and its origin, likely attributed to the complex triple helical hierarchy observed in 
native Type I collagen fibrils [14].  However, the ceramic hydroxyapatite which is a known 
piezoelectric material, accounts for approximately 65 % of the weight in bone and may also 
contribute to the piezoelectric effect observed in this tissue [15, 16].  Although recent years have 
shed some light on the piezoelectricity of bone, it is still not fully understood.  In addition, other 
mammalian tissues have also been found to possess this interesting piezoelectric 
electromechanical response including aortic elastin, teeth, and tendons [17, 18].  There is an 
entire new area of research to explore the functionality of and purpose of piezoelectricity in 
human tissues as well as animal tissues, including the butterfly wing [19].   
 Collagen can self-assemble into fibrils when exposed to correct pH and temperature, and 
this is typically how collagen gels are prepared for cellular culture [20].  This method of 
preparing collagen creates small fibrils that are in their native state, with D-banding present [21].  
Because piezoelectricity is observed in native collagen fibrils, it is assumed that denatured 
collagen will not possess a piezoelectric response.  However, this may be counteracted with the 
addition of HAP crystals or other dopants into the system.  This section of Chapter 3 explores the 
piezoelectricity of electrospun collagen and the effect of doping with HAP and using native 
collagen fibrils.   
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3.6 Materials and Methods  
 
3.6.1 Electrospinning collagen and collagen-HAP 
Type I bovine collagen (S-semed) containing approximately 5% type III was a generous 
gift from the Kensey Nash Corporation.  The 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was 
purchased from Oakwood Chemicals (West Columbia, SC) and used as received.  Hydroxyapatite 
(HAP) was generously donated from the Ulrike Wegst lab at Drexel University.   
Collagen solutions were prepared in HFIP as described above at an 8 wt% concentration 
with an addition of 10 wt% HAP and vortexed for two minutes to prevent clumping.  HAP was 
also evaporated onto the surface of aligned collagen fibers by creating a 2 wt % of HAP in EtOH 
solution and placing DHT crosslinked aligned collagen fibers in solution for three d.  This 
provided two different types of crystallized fibers in order to explore if there was a difference in 
piezoelectric properties based on fiber topology.  Mixed solutions were then loaded into a 10 mL 
Becton Dickinson (BD) syringe fitted with a 20 gauge needle.  Solutions were electrospun at 0.9 
mL/hr at 12 kV.  A high voltage power supply (Gamma High Voltage Research, Ormond Beach, 
FL) provided the positive electrode, which was directly connected to the needle by an alligator 
clip.  The syringe was then placed on an advancement pump (Harvard Apparatus, Plymouth 
Meeting, PA) and the negative ground electrode was placed onto a copper collecting plate.  All 
fiber mats were spun for approximately thirty min on a copper collecting plate coated with 
aluminum foil for fiber morphology characterization. 
3.6.2 Gelation of BD collagen for native collagen gels 
BD collagen fibrils were fabricated with the method mentioned earlier in this chapter.  
Briefly a calculation was performed that estimated the amount of collagen used in the fibers to 
then determine the amount of 1X PBS, EtOH, and NaOH necessary for the protocol.  Fibers were 
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exposed to the calculated amount of ice cold PBS, EtOH and NaOH in succession before being 
placed in the oven and heat for 30 min at 37 °C 
 
3.6.3 Preparation and testing of the nanogenerators for piezoelectric response 
Nanogenerators were prepared according to the method established by Chang et al. [22]  
Briefly, a flexible plastic substrate with a thickness of approximately 0.8 mm was generously 
donated by TOPAS Advanced Polymers Inc. and covered with ESD tape (Polyonics XT-623 2 
mil HardCoatTM) to reduce background noise during piezoelectric measurement testing 
(Polyonics).  Aluminum conductive tape (3M, 6.33mm width), which served as the conductive 
electrode was obtained from Ted Pella, Inc.  Each nanogenerator measured approximately 2.5 cm 
x 3.0 cm with two conductive electrodes placed at each end.  Aligned collagen-HAP fibers were 
electrospun onto nanogenerators for later piezoelectric characterizations.  The aligned collagen 
fibers electrospun in HFIP served as the positive control for these series of experiments.   
Prepared nanogenerators containing aligned collagen-HAP fibers were placed onto a 
Newport RS 1000 stabilizer table with tuned damping (Irvine, CA) and interfaced with an 
oscilloscope (Agilent Infinitum 1.5GHz, 8GSa/s) and custom made cantilever setup to analyze 
fiber mat piezoelectric response.  The piezoelectric cantilever tip manufactured in the lab had a 
diameter of 0.98 ± 0.02 mm.  Copper foil with an electrical wire soldered to each piece was 
molded around the two aluminum electrodes and acted as the probe between the fibrous mat and 
the oscilloscope.  A function/arbitrary waveform generator (Agilent 33220A, 20 MHz) was used 
to produce an 8 V peak to peak square wave in order to deform the cantilever at several different 
frequencies.   The cantilever tip was slowly lowered to the surface of the nanogenerator until it 
made contact with the fibrous mat, at which point testing began.  A more thorough description 
and schematic of this setup is found in Chapter 4.  
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3.7 Results  
3.7.1 Piezoelectricity of collagen-HAP electrospun fibers 
 
 
 
 
 
Figure 23. Morphology and piezoelectric response of collagen-HAP fibers.  
 
Electrospun collagen-HAP fibers were an average of 1.3 ± 0.5 µm and possessed 
cylindrical fiber morphology as shown in Figure 23a.  Several HAP crystals/clumps were 
identified on the fiber surface revealed in Figure 23b.   
 
a b 
c d 
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Piezoelectric response was measured using a custom made cantilever setup and 
oscilloscope interface which allowed for frequency testing at both 2 and 3 Hz with a deformation 
force of 8 mN.  The panel in Figure 23d reveals the strong piezoelectric response observed at both 
2 and 3 Hz.  Aligned collagen-HAP fibers produced a voltage response of approximately -0.8 - 
0.2 V, depending on the deformation frequency.  Additionally neat aligned collagen fibers did not 
yield any identifiable voltage peaks (Figure 23c).  These preliminary results reveal that (1) a 
natural fiber scaffold can be made piezoelectric by addition of HAP crystals and (2) the potential 
use for these fibers as biological sensors for a variety of applications.   
In order to gauge if there was any difference observed in piezoelectric response when the 
HAP crystals were evaporated onto the fiber surface instead of doped into the electrospinning 
solution, collagen-HAP evaporated samples were prepared.  Figure 24 reveals the structural 
morphology of evaporated HAP crystals onto the electrospun collagen fibers.  Due to the vast 
amount of crystallization, the fibers are completely covered and not discernable (Figure 24a).   
The piezoelectric response is present at both 2 and 3 Hz, although the peaks are not as consistent 
compared to the electrospun col-HAP fibers.   
Figure 24.  Collagen-HAP evaporated fibers and piezoelectric response. (a) SEM micrograph of 
crysallized HAP on elecrospun collagen fibers (b) Voltage vs time at 3 Hz (c) Voltage vs time at 
2 Hz. 
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To chemically verify the presences of HAP in electrospun collagen fibers that were fabricated 
with evaporated HAP, EDS scans were performed on samples and are shown in Figure 25a.  As 
displayed, there is a large percentage of calcium and phosphate (42 and 26 wt% respectively) 
found in the collagen-HAP fibers.  HAP is a mineral composed of calcium and phosphate, thus 
confirming the presence of the mineral within the fibers.     
 
 
 
 
Figure 25a. EDS and SEM micrographs of chemical elements present in electrospun collagen-
HFIP fibers with evaporated HAP. (a) Surface of collagen fibers with HAP coating (b) Carbon, 
oxygen, phosphate, and calcium mapping (c) EDS and chemical element weight/atomic % in 
sample. 
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3.7.2 Piezoelectricity of natural collagen fibrils  
In order to explore if natural collagen fibrils could produce a piezoelectric response, 
collagen gels were created and interfaced with the nanogenerator platform (Figure 25b).  
Piezoelectric response can be seen at both 2 and 3 Hz in Figure 25b-c when fibrils are deformed 
by the cantilever.   A strong repeating signal is observed in Figure 25c at 2 Hz, whereas a singular 
large peak is observed at 3 Hz.   
 
 
 
Figure 25b.  Piezoelectric response of collagen fibrils. (a) SEM micrograph of self-assembled 
collagen fibrils (b) Voltage vs. time plot at 3 Hs (c) Voltage vs. time plot at 2 Hz.   
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3.8 Discussion on natural piezoelectrics  
 
         Collagen piezoelectricity is not only fascinating from a materials perspective, but has 
functionality in that it stimulates the growth of bone and integration of tissue [23].  Therefore, 
piezoelectric scaffolds may be useful from a tissue engineering perspective in addition to the 
focus of this thesis, which is cell-based sensing.  Collagen electrospun from an HFIP solvent with 
HAP dopant created fibers that were capable of responding to cantilever deformation at both 2 
and 3 Hz.  Interestingly, the collagen that was not electrospun with HAP did not respond with 
discernable voltage peaks.  This could be due to the fact that the collagen-HFIP system is mostly 
denatured and collagen fibrils are not able to form within this solution.  However, the addition of 
the ceramic HAP enabled a piezoelectric response.  This response was further investigated by 
evaporating HAP directly onto the collagen fiber surface, resulting in a voltage response that was 
not as strong compared to the doped HAP electrospun fibers.  This may indicate that placement of 
HAP within the collagen fiber is a factor to consider when creating a piezoelectric fiber network.    
The native collagen fibrils created through the gelation procedure resulted in a large voltage 
response compared to the electrospun fibers, which was expected as these fibrils are what 
accounts for bone piezoelectricity.   
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CHAPTER 4 
Fabrication and characterization of an electrospun PVDF-TrFe 
nanogenerator  
 
The goal of this chapter is to describe the fabrication and initial testing of the 
piezeoelectric electrospun nanogenerator in order to establish its potential for use as a cell-
powered sensor.  This work can be found in Sensors and Actuators Part A as Beringer et al. 2015 
“An electrospun PVDF-TrFe fiber sensor platform for biological applications.” 
 
4.1 Abstract  
Flexible, self-powered materials are in demand for a multitude of applications such as energy 
harvesting, robotic devices, and lab-on-a chip medical diagnostics.  Electrospinning piezoelectric 
fluoropolymers into nanofibers can provide these functionalities in a facile method.  PVDF-TrFe 
was electrospun in an aligned format and interfaced with a flexible plastic substrate in order to 
create a platform for voltage response characterization after small force cantilever deformations.  
Voltage peak signals were an average of ± 0.4 V, and this response did not change after platform 
sterilization. However, when placed in cell culture media, piezoelectric response was dampened.  
This platform can be used for measurement and analysis of electromechanical behavior in a 
variety of applications, including cellular-powered nanodevices.   
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4.2 Materials and Methods 
4.2.1 Materials 
Polyvinylidene fluoride trifluoroethylene (PVDF-TrFe) copolymer with a 65/35% mol 
ratio was generously donated by Dr. Mitch Thompson at Measurement Specialties Inc. (Hampton, 
VA).  Type I bovine collagen S-semed (5% type III) was a generous donation from Kensey Nash 
(Exton, PA) and served as the non-piezoelectric control polymer.  Methyl ethyl ketone (MEK) 
was purchased from Sigma-Aldrich (St. Louis, MO) and was determined to be approximately 25 
years old.  In order to investigate whether the aged solvent affected fiber surface morphology, a 
new bottle of MEK (nMEK) was purchased from Oakwood Chemicals (West Columbia, SC). 
Ethyl alcohol (EtOH) 200 proof (Decon Laboratories, King of Prussia, PA) and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) purchased from Oakwood Chemicals (West Columbia, SC) was 
used as received.  Acetic acid (AA) and isobutyl alcohol (IBA) were both purchased from Sigma-
Aldrich (St. Louis, MO) and used as received.  Water (dH2O) was purified using the Millipore 
Milli-Q system (Millipore, MA).   
4.2.2 Preparation and electrospinning of piezoelectric fibers 
Solutions for electrospinning were prepared from PVDF-TrFe (15 wt%) in two different 
lots of MEK solvent, both the original (MEK) and new lot (nMEK).  For the solvent addition 
studies, 10 v/v% of the additive (either EtOH, AA, IBA, or dH2O) was mixed with nMEK to 
which 15wt% PVDF-TrFE was added.  PVDF-TrFe solutions were loaded into a 10 mL Becton 
Dickinson (BD, Franklin Lakes, NJ) syringe fitted with a 20 gauge needle and a 10 cm collection 
distance.  The solution pump rate and voltage were set between 0.5-0.9 mL/h and 10 kV 
respectively.  A high voltage power supply (Gamma High Voltage Research, Ormond Beach, FL) 
provided the positive electrode, which was directly connected to the needle by an alligator clip.  
The syringe was then placed on an advancement pump (Harvard Apparatus, Plymouth Meeting, 
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PA) and the negative ground electrode was placed onto a copper collecting plate.  All fiber mats 
were spun for approximately 30 min on a copper collecting plate coated with aluminum foil for 
fiber morphology characterization.  An 8 wt% collagen solution in HFIP (a denaturing solvent for 
collagen) was used as the non-piezoelectric control fiber, electrospun at 0.9 mL/h at a collection 
distance of 10cm with a voltage of 15 kV.  For future cellular studies as well as downstream 
piezoelectric measurements, all fibrous materials were electrospun aligned as well, for 1 h.   All 
mats used in the study were electrospun with a RH of ≤ 35% measured with a hydrometer (Fisher 
Scientific, PA).   
4.2.3 SEM and fiber diameter analysis  
PVDF-TrFe fibers electrospun in both MEK solvents, as well as the additive solvent 
systems, were sputter coated with platinum/palladium at 40 mA for 35 s (Cressington Scientific 
108 Auto, Watford, UK) and then imaged with field emission scanning electron microscopy 
(FESEM Zeiss VP5 Supra).  Image J® was utilized to analyze fiber diameters (n=50) and 
characterize fiber morphology.   
4.2.4 ATR-FTIR analysis of PVDF-TrFe fibers    
In order to verify that the PVDF-TrFe electrospun fibers had characteristic piezoelectric 
peaks, attenuated total reflectance Fourier transform infrared microscopy (ATR-FTIR) (Thermo 
Nicolet Nexus 870 ThermoScientific, MA) was performed with 64 scans within the wavelength 
range of 4000 to 500 cm-1.  The same parameters were used for FTIR analysis of the MEK 
solvents from different lots.   
 
 
 
64 
 
 
 
4.2.5 H-NMR spectroscopy of MEK solvents  
 In order to detect small changes in the chemistry of both MEK and nMEK, proton NMR 
was used.  Samples were loaded into a 500 MHz Varian Unity Inova NMR(McKinley Scientific, 
Sparta, NJ) with a TMS reference in deuterated chloroform for 32 scans.   
4.2.6 Creation of nanogenerators  
Nanogenerators were prepared according to the method established by Chang et al. and 
contained aligned PVDF-TrFe electrospun fibers, unless stated otherwise [14]  Briefly, a flexible 
plastic substrate with a thickness of approximately 0.8 mm was generously donated by TOPAS 
Advanced Polymers Inc. and covered with ESD tape (Polyonics XT-623 2 mil HardCoatTM) to 
reduce background noise during piezoelectric measurement testing.  Aluminum conductive tape 
(3M, 6.33mm width) which served as the conductive electrodes was obtained from Ted Pella, Inc 
(Redding, CA).  Nanogenerators were fabricated with dimensions of 35 mm x 25 mm.  Aligned 
PVDF-TrFe fibers were electrospun onto nanogenerators using the same techniques previously 
described.  Electrospun denatured collagen was also interfaced with a nanogenerator to be used as 
the control for this experiment, as it is not piezoelectric in this context and thus should not 
produce a voltage signal when mechanically deformed.    
 
4.2.7 Measurement of piezoelectric response 
In order to test the piezoelectric response of the PVDF-TrFe nanogenerators, a 
piezoelectric cantilever (PEF), was fabricated according to previous specifications [15-17].  
Briefly, two piezoelectric lead zirconate titanate layers (T105-H4E-602, Piezo Systems) were 
glued onto both the top and bottom of a 32 x 3.5 mm wide stainless steel layer (Alfa Aesar), as 
illustrated in Figure 27.   The top layer of lead zirconate titanate had dimensions of 22 mm long x 
3.5 mm wide, whereas the bottom layer was 12 mm long x 3.5 mm wide. A 15 mm-long brass 
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cylinder with a diameter of 1 mm was glued at the tip of the cantilever to act as the probe.  
Application of a voltage across the top layer in the PEF generated an axial displacement at the 
cantilever tip, due to the converse piezoelectric effect. The tip displacements of the cantilever 
were measured using a laser displacement meter (LC-2450, Keynece Corporation) with a 
resolution of 0.5 µm. A waveform function generator Agilent 33220A (Agilent) served as the 
voltage source.  The measurements were conducted on a Newport optical table (RS100, Newport 
Corporation) to minimize background vibrations.  
For the piezoelectric measurement setup involving the cantilever and PEF, both the force 
and tip displacement generated by an applied voltage were calculated.  Conversely, the voltage 
generated by a given displacement was also calculated and validated theoretically in previous 
work[18, 19]     Because the exact maximum force exerted on the nanogenerators containing the 
aligned fibers involves a very small displacement measurement, we have instead calculated the 
maximum force that can be obtained with PEF in air.  The effective spring constant of the PEF 
was measured experimentally and determined to be K =  128.9±2.2 N/m [20].  Figure 27 reveals 
the applied force versus the tip displacement.  The maximum tip displacement of the cantilever 
(dmax) was 62.5±1.5 µm, and thus  Fmax =Kdmax =8 mN.  Therefore, the actual maximum amount 
of force that could be exerted on the nanogenerators is ≤ 8 mN.   
Prepared nanogenerators containing aligned PVDF-TrFe fibers were placed onto a 
Newport RS 1000 stabilizer table  with tuned damping (Irvine, CA) and interfaced with an 
oscilloscope (Agilent Infinitum 1.5GHz, 8GSa/s) and the PEF cantilever setup to analyze fiber 
mat piezoelectric response.  The piezoelectric cantilever tip manufactured in the lab had a 
diameter of 0.98 ± 0.02 mm.  Copper foil with an electrical wire soldered to each piece was 
molded around the two aluminum electrodes and acted as the probe between the fibrous mat and 
the oscilloscope.  A function/arbitrary waveform generator (Agilent 33220A, 20 MHz) was used 
to produce an 8 V peak to peak square wave in order to deform the cantilever at several different 
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frequencies.   The cantilever tip was slowly lowered to the surface of the nanogenerator until it 
made contact with the fibrous mat.  A schematic illustration of this setup is shown in Figure 26.  
Each nanogenerator was deformed at frequencies of 2 and 3 Hz with a force of approximately 8 
mN.   
In addition, to understand the effect of media on the quality of the piezoelectric signal for 
downstream cellular applications, nanogenerators were immersed in 2 mL of DMEM media 
(Gibco) with a 35 mm tissue culture polystyrene plate (FalconTM).   
 
4.2.8 Cell culture and imaging analysis on bare nanogenerators 
 If the fabricated nanogenerator revealed severe cytoxicity, the design of our setup would 
have to be modified, and therefore we chose to use the readily available HeLa cell line as an 
initial test of the cytoxocity of the TOPAS plastic, EDS, and aluminum tape used in fabrication.   
HeLa cells were obtained from ATCC (Manassa, Virginia) and cultured in Dulbecco’s Modified 
Eagle Medium (DMEM- Gibco, Lifesciences, NY) supplemented with 10% fetal bovine calf 
serum (FCS) purchased from Thermoscientific (Hyclone, Utah).  HeLa cells were initially 
cultured in 100 mm2 cell culture plates in a Revco Ultima II tissue culture incubator 
(Thermoscientific) at 37oC and 5% CO2 and split every 3 d.  In order to test the biocompatibility 
of the bare nanogenerators, HeLa cells were seeded at a density of approximately 5 x 104 
cells/mL onto the nanogenerators and allowed to grow for 48 h.  A Nikon Eclipse 90i microscope 
(Nikon Metrology Inc., Brighton, MI) was utilized to take brightfield optical micrographs of 
HeLa cell morphology on bare nanogenerators without the electrospun aligned PVDF-TrFe 
fibers.   
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4.3 Results  
4.3.1 Nanogenerator creation and piezoelectric response measurements 
 
Figure 26. Nanogenerator testing schematic.  (a) Image of representative nanogenerator, 
complete with aligned PVDF-TrFe fibers (b) Optical micrograph of nanogenerator revealing 
aluminum electrode with several aligned fibers across the flexible TOPAS substrate (c) 
Oscilloscope screen readout (d) Illustration of cantilever deformation of aligned PVDF-TrFe 
nanogenerator.   
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A representative nanogenerator is shown in Figure 26a, with a thin layer of aligned 
PVDF-TrFe fibers covering the flexible TOPAS substrate interfaced with EDS and Al tape.  An 
optical micrograph of several aligned PVDF-TrFe fibers electrospun across the Al electrode and 
flexible substrate is shown in Figure 26b.  Using a function generator and piezoelectric cantilever 
tip, the piezoelectric response of the aligned PVDF-TrFe fibers was characterized, with a 
representative oscilloscope readout shown in Figure 26c.  The method of obtaining the 
piezoelectric response is represented schematically in Figure 26d, with the PEF cantilever tip 
controlled by the function generator, creating a force of approximately 8 mN 
 
 
Figure 27. Piezoelectric finger (PEF) schematic. (a) side view (b) top view (c) Force versus tip 
displacement of the PEF cantilever (effective spring constant, K=128.9±2.2 N/m).   
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This spring constant value was calculated based upon the characterization of the PEF tip, shown 
in Figure 27.  The voltage spike is a result of the electrical charge that arises from the 
deformation of the highly oriented fluorine functional groups within the aligned PVDF-TrFe 
fibers (Figure 26d).  
 
4.3.2 Characterization and morphology of electrospun piezoelectric fibers   
 
Figure 28. Electrospun fiber morphology and properties.  (a) PVDF-TrFe chemical structure (b) 
MEK solvent chemical structure (c) FTIR spectra of electrospun PVDF-TrFe fibers within both 
MEK and nMEK solvents (d) Representative SEM micrograph of PVDF-TrFe within MEK (e) 
Representative SEM micrograph of PVDF-TrFe within nMEK (f) Histogram distribution of fiber 
diameter.   
 
 
Chemical structures of both the piezoelectric polymer PVDF-TrFe and the MEK solvent 
used in this study are shown in Figure 28a-b.  PVDF-TrFe contains fluorine moieties, which 
create dipoles with the hydrogen, giving rise to the piezoelectric properties.  This chemical 
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configuration is confirmed with FTIR spectra of the electrospun PVDF-TrFE fibers in both MEK 
and nMEK, as shown in Figure 28c.  The characteristic polar β phase peaks are highlighted at 
840, 1276, and 1431 cm-1. [21]   The polar phase is primarily responsible for the piezoelectric 
properties, with other phases contributing significantly less.   Figure 28d-e reveal the consistent 
cylindrical fiber morphology obtained from PVDF-TrFe within both MEK and nMEK solvents.  
PVDF-TrFe electrospun in MEK are an average of 340 nm, while fibers electrospun in nMEK are 
an average of 360 nm.  Interestingly, fibers electrospun in the 25-year-old MEK possessed 
distinctive rough surface features, which may be a result of the solvent rapidly evaporating during 
the electrospinning process or a degradation by-product due to the solvent age.  The age of the 
MEK had no significant effect on fiber diameter, only on surface morphology.  Fiber diameter 
distribution in both solvents is shown in the histogram in Figure 28e.  In order to determine if the 
25-year-old MEK had undergone noticeable degradation, both FTIR and NMR spectra were 
obtained.  There were no noticeable peak additions or shifts that would indicate chemical 
degradation when comparing the MEK and nMEK, as shown by Supplemental Figures 1-2.  
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Figure 29. SEM micrographs of electrospun PVDF-TrFe solvent addition study with nMEK (a) 
10 % v/v EtOH (b) 10 % v/v acetic acid (c) 10 % v/v isobutyl alcohol (d) 10 % v/v dH2O (e) 
Fiber diameter averages and distribution ranges.   
 
 
 In order to further explore whether the distinct rough surface morphology could be 
obtained with the nMEK, a small percentage of additional solvents that affect solution viscosity 
and evaporation rate were added.  Figure 29 reveals SEM micrographs of PVDF-TrFe electrospun 
in nMEK with an addition 10 v/v% of EtOH, AA, IBA, or dH2O.  As shown in Figure 29d 
(yellow arrows), the distinct rough surface rippling can be obtained in nMEK with the addition of 
dH2O.  Although the surface morphology is not as dramatic as what is observed with the 25-year-
old MEK, the rough surface rippling is apparent.  Furthermore, addition of the alcohol, acid, or 
water did not significantly affect PVDF-TrFe fiber diameter or electrospinning ability.   
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4.3.3 Piezoelectric response of aligned PVDF-TrFe fibers  
  
 
Figure 30. Peak analysis of nanogenerators after cantilever deformation. (a) Non-piezoelectric 
signal revealing noise threshold of 35 mV (b) Overlay of voltage vs. time output of three separate 
nanogenerators after  8 mN deformation at 3 Hz (c) Magnified region of voltage peak occurring 
within milliseconds (d) Overall peak voltage amplitude of all nanogenerators tested (n= 6).   
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The typical piezoelectric response of aligned PVDF-TrFe fibers on the fabricated nanogenerators 
are shown in Figure 30. A control response from aligned denatured collagen fibers (which in this 
context is not piezoelectric) is shown in the top panel of Figure 30a and reveals no noticeable 
peaks.  Along with additional representative oscilloscope readings, the control response was 
utilized to determine a noise threshold of approximately 35 mV.  Figure 30b reveals an overlay of 
voltage-time plots of three individual nanogenerator experiments, demonstrating a consistent 
pattern to the signal.  Although the voltage amplitude varies, overall the signal forms are very 
similar.  An enlarged peak is shown in Figure 30c, with a strong signal peak of 1.3 V occurring 
within hundredths of a second.  In order to characterize the voltage signal across multiple 
nanogenerators, data was compiled and maximum and minimum peaks over 30 mV were 
averaged.  Figure 30d reveals the median peak voltage response values and ranges for PVDF-
TrFe nanogenerators, with an average peak voltage of approximately ± 0.4 V.  This signal is 
approximately 10 times the noise level observed.   
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Figure 31. Representative piezoelectric response of nanogenerators in both MEK solvents. (a) 
Square waveform overlaid with voltage vs. time output of PVDF-TrFe in MEK at both 2 and 3 
Hz frequencies (b) Characteristic nanogenerator response of PVDF-TrFe fibers in MEK solvent 
(c) Characteristic nanogenerator response of PVDF-TrFe fibers in nMEK solvent.   
 
 
 
In order to further validate the signal data obtained from deforming the nanogenerators at 
rates of 2 and 3 Hz, the square waveform used to deform the PEF cantilever, was overlaid with 
representative signal data, as shown in Figure 31a.  The deformation of the cantilever resulted in 
strong peaks with each frequency, indicative of the characteristic stretching and release behavior 
of the piezoelectric.  An additional representative response is shown without the square waveform 
in Figure 31b.  In order to determine if the rough surface features observed with the PVDF-TrFe 
electrospun in MEK affected the piezoelectric response, fibers electrospun in nMEK were also 
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tested.  As shown in Figure 31c, the noise level is enhanced but the signal is clear and within the 
range observed for the MEK nanogenerators.      
4.3.4 Piezoelectric response of nanogenerators after cell preparation  
Figure 32. Representative piezoelectric response of nanogenerators after cell-culture 
preparations.  (a) EtOH/UV sterilization (b) Testing within DMEM media (c) Optical micrograph 
of HeLa cell morphology growth on bare nanogenerators without aligned PVDF-TrFe fibers.   
 
 
In order to use these nanogenerators as cell powered biological sensors, they must 
undergo typical sterilization procedures.  This includes a 70% EtOH wash, as well as an 
overnight exposure to UV light from a cell culture laminar flow hood.  Figure 32a reveals the 
effect of sterilization procedures on the signal quality obtained from the nanogenerator.  Although 
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the noise level is enhanced, much like what was observed with the smooth nMEK fibers, there is 
no significant difference observed in signal strength or quality.  Testing the nanogenerators in 
HeLa cell culture media however, has a pronounced effect on both the signal strength and noise 
level.  As illustrated in Figure 32b, the signal baseline shifts down by approximately – 80 mV and 
there is a much larger signal to noise ratio, with discernible signal peaks more difficult to identify.   
4.3.5 Cellular response to bare nanogenerators   
The biocompatibility of the bare nanogenerator platform upon which the fibers are 
electrospun has never been evaluated and is an important consideration for the downstream 
applications of our work.  HeLa cells which were seeded onto the bare nanogenerators were able 
to adhere to the surface and extend outward, as shown in Figure 32c.  Cytoskeletal projections 
and cellular nuclei are present, and HeLa cells revealed an overall extended morphology, 
indicative of healthy cells.   
 
4.4 Discussion 
  Characterization and optimization of polymer based nanogenerators is important for 
future applications, whether they be in robotic interfaces, medical diagnostics, or energy 
harvesting applications.  Results presented here indicate that a strong piezoelectric signal can be 
obtained from aligned electrospun PVDF-TrFE nanogenerators both before and after EtOH/UV 
sterilization. The deformation force of ≤ 8 mN used during the testing of the electrospun PVDF-
TrFe nanogenerators is much weaker compared to other groups who have fabricated fiber 
nanogenerators [7, 8, 22]. However, our voltage response sensitivity (0.4 V/8 mN= 50 V/N) is 
comparable to a number of research groups in the context of the forces applied, indicating that 
our system is optimized for detection of small mechanical forces, such as those present in cellular 
mechanics.  Interestingly, the original MEK yielded cylindrical fibers with rough surface features, 
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which surprisingly did not have a significant effect on the piezoelectric signal quality.  
Electrospun PVDF-TrFe fibers without rough surface features actually displayed increased noise 
levels during nanogenerator testing.  Zeng et al. have reported increased piezoelectric voltage 
coefficients when porosity is increased in lead zirconate titanate based ceramics [23].  The rough 
surface features therefore may be beneficial within this context of enhancing the piezoelectric 
signal.  These surface features are not unique to the older MEK lot, as addition of 10 %v/v of 
dH2O to the nMEK solvent resulted in very similar surface features.  Chemical analyses via FTIR 
and N-NMR detected no discernible difference between the different MEK solvent lots however 
(Supplemental Figures 1-2).  Therefore, it is likely that the old MEK has acquired water over the 
years, which interacted with the MEK and altered the evaporation rate of the solvent during 
electrospinning.   
 Although the piezoelectric signal was dampened and shifted when nanogenerators were 
tested in a cell culture environment, these results are promising for future contractile cell sensing 
applications.  Due to the ionic nature of cellular culture media, the baseline shift of the signal is to 
be expected as the oscilloscope is a tool for analyzing electrical signals and the culture media is 
conductive.  An important consideration for future testing will be obtaining a baseline recording 
from each type of cell culture media used depending on the type of cell being cultured, before 
seeding the cells onto the nanogenerator.  Because additional growth factors and proteins are 
typically present in various culture medias, these baseline experiments will aid in ensuring that 
the resultant voltage signals obtained from future experiments are not due to baseline noise from 
media.      Additionally, although cells would be primarily integrated within the PVDF-TrFe 
matrix interfaced with the nanogenerators, it is important that the surface of the bare 
nanogenerator not be cytotoxic.  Biocompatibility of bare nanogenerators was demonstrated by 
HeLa cell attachment and spreading on the surface.   
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4.5 Conclusions 
An electrospun aligned fibrous mat of PVDF-TrFe was interfaced with flexible plastic to create a 
nanogenerator capable of producing an average of -0.4 to 0.4 V when deformed by 8 mN of 
cantilever pressure at both 2 and 3 Hz.  This piezoelectric signal was not significantly affected by 
sterilization procedures, but was affected by testing in cell culture media.  In addition, rough 
surface features observed on the electrospun PVDF-TrFe fibers due to an older lot of MEK 
solvent were able to be recreated using nMEK with added dH2O and may actually enhance 
piezoelectric signal.  Furthermore, bare nanogenerators demonstrated their biocompatibility, 
which is of importance for downstream cellular applications.   
 
Supplementary Figure 1. FTIR absorbance spectra of MEK.  Black line= old MEK   red line= 
new MEK 
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Supplementary Figure 2. NMR spectra of MEK.  Left = old MEK right= new M 
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CHAPTER 5 
 
An electrospun PVDF-TrFe fiber sensor platform for cell monitoring 
 
This chapter describes the first cell tests performed with the nanogenerators in situ and is taken 
from Beringer et al. 2015  entitled “An electrospun PVDF-TrFe fiber sensor platform for cell 
monitoring” submitted to Biosensors and Bioelectronics.   
 
5.1 Abstract 
Cell-based biosensors can provide new diagnostic or therapeutic tools for numerous diseases.  An 
aligned electrospun coaxial fiber system of PVDF-TrFe and collagen has been created and 
interfaced with a flexible plastic substrate, termed a nanogenerator.  These nanogenerators have 
been successfully characterized for their piezoelectric response, which was an average of ± 0.1 V.  
Additionally, the aligned coaxial collagen/PVDF-TrFe fibers support both neuron and HeLa cell 
attachment and growth, demonstrating biocompatibility.  To assess the potential for the 
nanogenerators to be used as a contractile analysis lab-on-a-chip based device, HeLa cell 
contraction was induced with potassium chloride and signal response was analyzed.  The 
nanogenerator system was able to detect both the resting state of HeLa cells, a contraction state, 
and a hyperpolarized state, proving their potential use as contractile analysis microdevices.       
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5. 2 Materials and Methods 
5.2.1 Materials 
The piezoelectric copolymer polyvinylidene fluoride trifluoroethylene (PVDF-TrFe), 
with a 65/35 % mol ratio, was donated by Measurement Specialties Inc (Hampton, VA).  
Lyophilized bovine collagen type I (semed S, acid-soluble ca. 5% type III) was a generous gift 
from the Kensey Nash Corporation.  Potassium chloride (KCl), ethanol (EtOH), and methyl ethyl 
ketone (MEK) were purchased from Sigma-Aldrich (St. Louis, MO), and 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) was purchased from Oakwood Chemicals (West Columbia, SC). Distilled 
water was filtered through the Millipore Milli-Q system (EMD Millipore, Billerica, MA). All 
solvents were used as received.   
 
5.2.2 Preparation and electrospinning of aligned monoaxial collagen 
Collagen solutions were prepared in HFIP at an 8 wt% concentration and loaded into a 10 
mL Becton Dickinson (BD) syringe fitted with a 20 gauge needle.  Solutions were electrospun at 
0.9 mL/h and 15 kV with a collection distance of 10 cm on an aligned setup, as alignment is 
important for downstream cellular studies.  The positive electrode of a high voltage power supply 
(Gamma High Voltage Research, Ormond Beach, FL) was connected to the syringe needle with a 
metal wire serving as the ground for the aligned electrospinning setup.  The syringe was placed 
on an advancement pump (Harvard Apparatus, Plymouth Meeting, PA) to maintain a constant 
flow rate.  All fiber mats were spun for approximately 2 h between two parallel metal wires 
secured in a custom made 3D printed ABS plastic holder.  All mats used in this study were 
electrospun at RT (26 ºC) with a RH of ≤ 30% measured with a hydrometer (Fisher Scientific, 
PA).   
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5.2.3 Preparation and electrospinning of aligned coaxial piezoelectric fibers 
Polymer solutions of 15 wt% PVDF-TrFe prepared in MEK served as the inner core 
polymer for the coaxial fiber setup.  Collagen solutions were prepared as stated above to create 
the outer shell.  A custom made coaxial setup, which consisted of a modified 20 mL glass BN 310 
Luer Lock syringe (Tomopal) interfaced with an adjustable plastic insert that allowed for a 10 mL 
glass Luer Lock syringe to be placed inside it, was used.  The modified 20 mL syringe was fitted 
with a 13 gauge stainless steel needle whereas the 10 mL syringe was fitted with a 20 gauge 
stainless steel needle.   The 13 gauge needle was modified with a small hole so that GPC Teflon 
tubing could be threaded through and attached to an additional syringe, thus providing the 
environment for coaxial polymer flow.  The inner core and outer shell flow rates were optimized 
and adjusted for each outer shell collagen solution.  To ascertain if outer shell thickness affected 
the piezoelectric signal, the collagen- HFIP solution was advanced at a rate of 0.8 mL/h (rate 1), 
1.1 mL/h (rate 2), or 1.5 mL/h (rate 3), while the inner PVDF-TrFe core was fixed at a rate of 0.9 
mL/h.  Fiber mats were spun for approximately 2 h on the aligned setup for fiber morphology 
characterization.  All mats used in the study were electrospun with at RT (26 ºC) with a RH of ≤ 
30% measured with a hydrometer (Fisher Scientific, PA).  Furthermore, for any collagen 
containing sample involved with sterilization and/or cell culture, the fibers were 
dehydrothermally crosslinked at 140 ºC for 24 h to prevent their degradation.    For 
nanogenerators containing collagen/PVDF-TrFe fibers, electrospinning first occurred using the 
aligned setup. Then the fibers were crosslinked before being transferred to the nanogenerator 
substrate.   
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5.2.4 SEM fiber morphology analysis   
Monoaxial collagen and coaxial collagen/PVDF-TrFe fibers were sputter coated with 
platinum/palladium at 40 mA for 35 s (Cressington Scientific 108 Auto, Watford, UK) and then 
imaged with field emission scanning electron microscopy (FESEM Zeiss VP5 Supra).  Image J® 
was utilized to analyze fiber diameters (n=50) and characterize fiber morphology.   
 
5.2.5 Creation and testing of coaxial collagen/PVDF-TrFe nanogenerators  
Nanogenerators were prepared according to the method established by Chang et al. and 
previously reported by our group [20].  Briefly, a flexible plastic TOPAS substrate (TOPAS 
Advance Polymers, Inc.) was covered with ESD tape (Polyonics XT-623 2 mil HardCoatTM) to 
reduce background noise during piezoelectric measurement testing.  Conductive electrodes for the 
nanogenerators were constructed out of aluminum conductive tape (3M, 6.33mm width).  Coaxial 
collagen-PVDF-TrFe fibers were electrospun onto nanogenerators using the same techniques 
previously described.  Prepared nanogenerators containing the aligned coaxial collagen/PVDF-
TrFe fibers were tested as previously described [19]. Briefly, each nanogenerator was placed onto 
a Newport RS 1000 stabilizer table with tuned damping (Irvine, CA).  Copper foil wrapped 
around both ends of the nanogenerator with electrical wire soldered to each piece acted as the 
probe between the fibrous mat within the nanogenerator and the oscilloscope (Agilent Infinitum 
1.5GHz, 8GSa/s).   A final version of the nanogenerator and the oscilloscope setup used in cell 
experiments is shown in Figure 33.  The copper foil with soldered electrical wires can be seen 
wrapped around the nanogenerator containing aligned collagen/PVDF-TrFe fibers with seeded 
HeLa cells.  For benchtop testing, an arbitrary waveform generator (Agilent 33220A, 20 MHz) 
was used to produce an 8 V peak to peak square wave which deformed the cantilever with a force 
of 8 mN at a frequency of both 2 and 3 Hz to further ensure signal quality.  All collagen/PVDF-
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TrFe nanogenerators used in the induced HeLa cell contraction were first coated with fibronectin 
(BD Biosciences, Franklin Lakes, NJ) to enhance cellular attachment.        
 
5.2.6 Neuronal cell culture and imaging analysis 
Polymer fiber mats were carefully placed onto 22x22 mm square coverslips (Fisher 
Scientific, Pittsburg, PA), and then the coverslips were inserted into 35 mm cell culture dishes 
(Corning Inc., Corning, NY).  Mats were sterilized with 70% EtOH and allowed to dry prior to 
plating. Neurons were isolated as previously described [21-23]. Briefly, the cortices from Sprague 
Dawley rats at 18 d gestation (E18) were isolated and dissociated via mechanical trituration.  
Neurons were plated at a density of 1800 cells/mm2 or 1 x 106 onto each dish containing a mat. 
Neurons were cultured for 14 d in Neurobasal medium supplemented with B27, GlutaMAX, and 
1% penicillin/streptomycin (Life Technologies) prior to fixing and immunostaining. On day in 
vitro 14 (DIV 14), neurons were fixed with 4% paraformaldehyde in phosphate-buffered saline 
(PBS) for 15 min, followed by incubation in blocking solution (PBS containing 0.1% Triton X-
100, 2% normal goat serum, and 0.02% sodium azide) for 1 h at room temperature. Mouse anti-
microtubule-associated protein 2 (MAP2; BD-PharMingen) primary antibody was diluted 1:1000 
in blocking solution.  MAP2 immunostaining was used to visualize dendrites and cell bodies of 
surviving neurons. Samples were incubated for 2 h at room temperature with mouse anti-MAP2. 
Samples were then washed with PBS three times. Cyanine3(Cy3)-conjugated anti-mouse IgG 
(Jackson ImmunoResearch) secondary antibody was diluted 1:250 in blocking solution; samples 
were incubated for 1 h at room temperature with this solution. Samples were then washed twice 
with PBS and incubated with Hoechst dye dissolved in PBS (to visualize nuclei of all cells 
present) for 5 min. Samples were washed with PBS a final time and mounted onto frosted glass 
microscope slides using Fluoromount G (Southern Biotechnology). Labeled cells were visualized 
with immunofluorescence microscopy using an Olympus Optical IX50 microscope with a Cooke 
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SensiCam charge-coupled device (CCD) cooled camera fluorescence imaging system and Image 
Pro software (Media Cybernetics). 
 
5.2.7 HeLa cell culture and imaging analysis 
HeLa cells were obtained from ATCC (Manassas, Virginia) and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM; Gibco, Lifesciences, Grand Island, NY) supplemented with 
10% fetal bovine calf serum (FCS) and 5% pen/strep (Gibco, Lifesciences, Grand Island, NY).  
HeLa cells were initially cultured in 100 mm2 cell culture plates in a Revco Ultima II tissue 
culture incubator (Thermoscientific) at 37oC and 5% CO2 and passaged every 3 d.  To determine 
the morphology of HeLa cells on the aligned coaxial collagen/PVDF-TrFe fiber mats, 
immunofluorescent (IFC) staining was performed.  Fiber mats were prepared and sterilized one 
day prior to cell seeding.  Immersion of mats and films in 70% EtOH solution (Pharmco-AAPER, 
Brookfield, CT) was followed by a 1X PBS wash (Corning CellGro) and subsequent placement 
on top of a fibronectin-coated glass coverslip (BD Biosciences, San Jose, CA) and into 6-well cell 
culture plate (BD Biosciences, San Jose, CA).  Mats were allowed to remain under the Baker 
Sterigard laminar cell culture hood (Sanford, Maine) with the UV light overnight.   Cells were 
seeded onto fibers at a density of 5 x 104 cells/well, and after 48 h of growth, cell cultures were 
washed twice with 1X PBS and stained according to standard protocol.  Briefly, staining was 
performed by fixing the HeLa cells with a 4% paraformaldehyde (PFH) solution (Polysciences 
Inc, Warrington, PA) in 1X PBS for 30 min and staining with 0.1 µl/mL DAPI (Invitrogen/Life 
Technologies, Grand Island, NY) for the nucleus or 5 µl/mL Oregon Green 488 phalloidin 
(Invitrogen/Life Technologies, Grand Island, NY) for the actin cytoskeleton. IFC images were 
taken using a Zeiss confocal microscope (Carl Zeiss LSM 700) and used to visualize cellular 
morphology.   
88 
 
 
 
5.2.8 Induced HeLa cell contraction on nanogenerators  
Cells were seeded onto previously sterilized collagen/PVDF-TrFe nanogenerators at a 
density of approximately 5.0 x 105 cells/mL in 6-well culture plates (BD Biosciences, San Jose, 
CA).  After 72 h, a baseline recording of HeLa cell growth within the nanogenerators was taken 
(n=3) with the oscilloscope (Infinium 500 MHz 1 GSa/s, Hewlett Packard) setup shown in Figure 
33.  Signal acquisition was set to a 50 ms sample rate in 10 mV increments.  In order to induce a 
depolarization in the HeLa cell culture, 140 mM KCl  was added in 700 uL increments until a 
discernable signal was obtained (n=3).  Nanogenerator setups were washed and supplied with 
fresh media, with HeLa cell culture growing until the 144 h time point, at which point the 
baseline and induced contraction readings were again recorded.  Quantitative signal analysis was 
done using a count function in Excel and returned the frequency of peaks that were above and 
below a baseline threshold established with the baseline HeLa recordings.     
 
5.3. Results  
5.3.1 Morphology of coaxial piezoelectric-collagen fibers 
Monoaxial aligned collagen fibers are revealed in Figure 34a in order to serve as a 
comparison for the coaxial fibers electrospun with the piezoelectric as the core.  As shown, 
collagen electrospun in HFIP yields smooth cylindrical fibers that possess an average diameter of 
940± 400 nm and have a high degree of alignment.  The coaxial fibers comprised of the collagen 
shell and piezoelectric core, each possesses a smooth morphology, regardless of the shell 
thickness.  Figure 34b reveals the optimized aligned collagen/PVDF-TrFe fibers with an average 
diameter of 524 ± 114 nm.  Sterilizing the coaxial fibers resulted in a small diameter increase, 
which is not significant, but the overall alignment of the fibers is altered after EtOH and UV 
sterilization (Figure 34c-d).  In addition, the coaxial fiber diameter distribution with different 
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shell thickness due to varying rates can be seen in Figure 34e.  Varying the three rates resulted in 
an overall increase in fiber diameter, and as the inner core of PVDF-TrFe was held at a constant 
rate, this is attributed to increasing collagen shell thickness.   
 
 
 
Figure 33. Coaxial electrospinning and nanogenerator/oscilloscope setup.  (a) Schematic of 
coaxial electrospinning (b) Picture of actual coaxial setup used (c) Picture of oscilloscope setup 
interfaced with 6-well cell culture plate containing a nanogenerator (inset).   
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5.3.2 Collagen shell thickness and nanogenerator piezoelectric response 
 A representative piezoelectric response of the coaxial aligned collagen/PVDF-TrFe 
nanogenerators, along with the behavior after sterilization (in preparation for cell culture) can be 
seen in Supplementary Figure 1.  There was no significant difference in signal amplitude after 
sterilization; however, a slight increase in the noise was observed.  These results are consistent 
with our previous findings in testing aligned monoaxial PVDF-TrFe nanogenerators.  The three 
rates for collagen shell thickness were tested on the nanogenerator setup in order to determine the 
effect of increasing shell thickness and piezoelectric signal quality.  As shown in Figure 35a-b, 
the two slower rates resulted in strong piezoelectric signals that were consistently produced at 
both 2 and 3 Hz with an ≤8 mN deformation force.  However, using the rate 2 for collagen shell 
deposition yielded a signal response that was clear, consistent, and possessed the smallest 
variation in peak amplitude voltage.  The thickest collagen shell (rate 3) resulted in a dampened 
signal with large variation overall at both 2 and 3 Hz.  Therefore, in subsequent HeLa cell 
experiments, rate 2 was utilized in order to produce the coaxial collagen/PVDF-TrFe fibers.   
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Figure 34. Representative SEM micrographs of fiber morphology. (a) Aligned collagen (b) 
Coaxial collagen/PVDF-TrFe (COL/PFP) (c) Coaxial collagen/PVDF-TrFe (COL/PFP) after 
EtOH/UV sterilization (d) Fiber diameter distribution (e) Coaxial fiber diameter distribution with 
varying collagen rates.   
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Figure 35. Piezoelectric signal response at 2 and 3 Hz and peak voltage averages for (a) Coaxial 
collagen/PVDF-TrFe (COL/PFP) rate 1 (b) Coaxial collagen/PVDF-TrFe (COL/PFP) rate 2 (c) 
Coaxial collagen/PVDF-TrFe (COL/PFP) rate 3.   
 
 
5.3.3 Cellular response to biocompatible piezoelectric fibers  
The aligned collagen/PVDF-TrFe fibrous mats were biocompatible with both HeLa and 
neuronal cells as demonstrated in Figure 36.  HeLa cells attached and revealed an extended 
morphology, as seen in Figure  36a-b.  Both HeLa panels are representative areas within the fiber 
mat, and HeLa cells appear to show preferential alignment on aligned collagen/PVDF-TrFe 
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fibers. The cytoskeletal actin stress fibers are clearly seen in both Figure 36a-b, and appear 
ordered in a parallel fashion (yellow arrows), most likely reflecting the aligned topography of the 
fibrous mat.  This alignment was not as prominent for random fibers used as a control 
(Supplemental Figure 2a-b).  Interestingly, embryonic rat cortical neurons did not appear to have 
a difference in spatial alignment whether grown on aligned or random coaxial collagen/PVDF-
TrFe fiber mats (Figure 36c-d, Supplementary Figure 2c-d).  In both cases, the neurons attached 
and extended neurites along the materials. Samples were immunostained for microtubule 
associated protein-2 (MAP2), a marker for dendrites. Only neurons alive before immunostaining 
step will show positive immunostaining for MAP2 and non-condensed nuclei as identified by 
Hoechst staining, and thus, we conclude that the neurons attached to the scaffolds were alive after 
14 d.   The square coverslips were not functionalized with poly-D-lysine (PDL) prior to 
placement of the scaffold, and so, in cases where the scaffold did not span the entire coverslip, no 
neurons attached to the bare glass.  In addition, as shown in Figure 36 c-d, other cells attached to 
the scaffold as evidenced by the fact that more Hoechst-positive cells are present than MAP2-
positive cells.  These cells are most likely astroglia, as were previously shown by GFAP and 
vimentin immunostaining [22-25]. 
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Figure 36. IFC micrographs of cells cultured on aligned collagen/PVDF-TrFe (COL/PFP) fiber 
mats (a) HeLa area 1 48 h (b) HeLa area 2 48 h (c) rat cortical neurons area 1 14 d (d) rat cortical 
neurons area 2 14 d.  Scale bars = 20 µm HeLa and 100 µm neuron.   
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5.3.5 Induced HeLa cell contraction via KCl 
 Contraction can be induced in HeLa cells by changing the ionic concentration of their 
media. A signal recording of the nanogenerator setup within the 6-well culture plate is shown in 
Figure 37a prior to cell seeding.  The signal changes as evidenced by the recordings from HeLa 
cells taken on the nanogenerators at 72 h post seeding (Figure 37b).  Nanogenerators tested with 
the setup shown in Figure 33 have a baseline shift by approximately + 80 mV.  This was 
expected, as the media and the HeLa cells themselves are all electrically conductive [26, 27].  A 
dramatic signal change compared to baseline is observed in Figure 37c, after HeLa cells are 
exposed to the first addition of 140 mM KCl.  Large voltage peaks that are 3x larger than baseline 
signal can be seen.  In addition, the characteristic stretching and release behavior of the 
piezoelectric is evidenced by the positive peaks with negative peaks of the same magnitude 
immediately following.  This representative signal occurred several more times (at least four 
more) after subsequent addition of 140 mM KCl, before finally decreasing, which is shown in 
Figure 37d.  It is likely that at this state the HeLa cells reached a threshold where they could no 
longer contract due to the high KCl concentration in media, referred to as hyperpolarization.  
Figure 37e reveals the number of peaks above a predetermined threshold (typically 3x baseline) 
for each HeLa cell state.  As shown there are many more peaks associated with the reaction to the 
140 mM KCl compared to the resting baseline state as well as the hyperpolarized state.   
 To establish whether this signal would be present after 7 days (144 h), the same setup 
was used to run another induced contraction experiment.  As shown in Figure 38a-b, a signal 
recording without cells was taken along with a baseline recording from HeLa cells after 144 h 
post seeding.  Interestingly, a difference between the baseline taken at 72 h and 144 h can be 
seen, with the later time point producing more prominent peaks and noise.  This most likely can 
be attributed to the greater amount of cells present after an additional 4 days of culture, as well 
the longer amount of time to infiltrate the collage/PVDF-TrFe fiber matrix and adhere to it.  A 
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representative signal after addition of 140 mM KCl is shown in Figure 37c, with the characteristic 
large peaks that are at least 3x the baseline signal.  In addition, the stretching and release behavior 
is also present, similar to what was observed at the 72 h time point.  After successive doping of 
140 mM KCl into the media, HeLa cells yield a dampened signal without the prominent peaks 
observed with the prior induced contraction (Figure 37d).  Figure 37e is a quantitative 
measurement of peaks above a predetermined threshold, with a much larger number of peaks in 
the induced contraction state compared to either the baseline signal or the hyperpolarization state.     
 
 
 
Figure 37. Nanogenerator recordings from HeLa cells at 72 h. (a) Signal from oscilloscope setup 
without cells (b) Baseline signal after 72 h post seeding (c) Signal after induced contraction with 
140 mM KCl (d) Signal after successive exposure to 140 mM KCl (e) Quantitative representation 
of peaks above threshold.   
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Figure 38. Nanogenerator recordings from HeLa cells at 144 h. (a) Signal from oscilloscope 
setup without cells (b) Baseline signal after 144 h post seeding (c) Baseline signal after 144 h 
with 140 mM KCl (d) Signal after induced contraction with 140 mM KCl (e) Signal after 
successive exposure to 140 mM KCl (f) Quantitative representation of peaks above threshold.   
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5.4. Discussion 
 Cell-powered nanodevices have great potential in the fields of diagnostic and drug 
testing, specifically within the context of lab-on-a chip based research [28, 29]. The ability to 
measure and analyze contractile behavior of various types of cells/tissue in situ will be a powerful 
tool towards understanding numerous diseases and creation of better therapies.  Creation of a 
coaxial aligned collagen/PVDF-TrFe fiber scaffold was successful, and changing the collagen 
solution pump rate or the outer shell thickness affects the piezoelectric signal.  As demonstrated, 
the thickest collagen shell (rate 3) acts as an insulator around the piezoelectric core, and dampens 
the signals generated during the cantilever benchtop testing.  The slower rates both yielded a 
strong piezoelectric signal, but the middle rate appeared optimal with more consistent voltage 
peaks with a narrower peak voltage range.  Preparation of the nanogenerators for cell culture by 
sterilization with EtOH/UV did not significantly affect signal quality, which is an important 
conclusion before cell seeding and live cell recordings are performed.  
The aligned collagen/PVDF-TrFe fibers proved to be biocompatible, as they support both 
neurons and HeLa cells.  Neurons were chosen to verify that coaxial fibers would be 
biocompatible, due to evidence that electrically excitable cells are able to grow on piezoelectric 
polymers. [16]  Interestingly, the alignment of the coaxial fibers did not appear to have a 
significant effect on the direction and spreading of the neurons in culture.  This could be due to a 
variety of factors, including the fact that after EtOH/UV sterilization, fibers are not aligned to the 
same degree that they are during electrospinning.  However, HeLa cells displayed stress actin 
fibers that were frequently parallel with the aligned coaxial collagen/PVDF-TrFe fibers.  After 
HeLa cell seeding onto the collagen/PVDF-TrFe nanogenerators, a distinctive baseline signal was 
obtained, revealing mostly small voltage peaks with occasional prominent peaks.  The occasional 
prominent peaks could be the result of clusters of HeLa cells moving or producing a tension force 
while growing within the collagen/PVDF-TrFe fibers.  This baseline signal is larger after 144 h 
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post-seeding, due to the fact that a larger number of cells are present in culture.  A dramatic signal 
difference is present after HeLa cell contraction is induced with 140 mM KCl, resulting in 
numerous peaks that possess a significantly higher peak voltage compared to the baseline.  
Although HeLa cells do not normally possess a rhythmic contractile phenotype, their calcium-
activated potassium channels can be antagonized with KCl, among other ionic solutions. [30]  
This in turn causes a membrane potential difference and induces depolarization and thus 
contraction of the HeLa cell body.  Approximately 10 s after exposure to 140 mM KCl, HeLa 
cells contracted within the collagen/PVDF-TrFe nanogenerators, generating a force which 
deformed the fibers, resulting in numerous voltage spikes.  This phenomenon was observed 
several times in situ recorded in ms timeframes, with successive aliquots of KCl.  Due to the large 
concentration of KCl ions in cell culture media, HeLa cells reached a plateau where they could no 
longer contract as forcefully or as frequently due to a hyperpolarized state, which resulted in 
dampened voltage peaks. Additionally due to the native conductivity of the cells, the baseline 
reading never goes to a non-cell level. This new nanogenerator has demonstrated its potential for 
the contractile analysis of cells in situ.   
 
5.5 Conclusions 
A biocompatible nanogenerator containing aligned collagen/PVDF-TrFe fibers was fabricated 
and characterized.  Sterilization of the nanogenerators did not significantly alter the piezoelectric 
signal; however, the collagen shell pump rate during coaxial electrospinning affected signal 
repeatability and quality.  Both electrically excitable and induced contractile cell phenotypes 
attached and proliferated onto aligned collagen/PVDF-TrFe fibers.  The entire nanogenerator was 
capable of recording both baseline cellular readings as well as induced HeLa cell contraction, 
revealing its potential for use in contractile analysis of cells and lab-on-a-chip applications.   
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Supplementary Figure 1. Piezoelectric response using cantilever setup. (a) Representative signal 
from collagen/PVDF-TrFe (COL/PFP) nanogenerator (b) Piezoelectric signal after EtOH/UV 
sterilization.   
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Supplementary Figure 2. IFC micrographs of cells cultured on random collagen/PVDF-TrFe 
(COL/PFP) fiber mats (a) HeLa area 1 48 h (b) HeLa area 2 48 h (c) rat cortical neurons area 1 14 
d (d) rat cortical neurons area 2 14 d.  Scale bars = 20 µm HeLa and 100 µm neuron.   
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CHAPTER 6 
 
 In situ neonatal rat cardiomyocyte response 
 
6.1 Introduction 
Cardiomyocytes are a vital muscle cell within the heart responsible for the rhythmic 
contraction of the tissue.  Electrochemical structures called gap junctions interface with the 
extracellular matrix and allow ion flux and transduction of force to coordinate contraction [1] 
Contractile forces of a single cardiomyocyte can be 0.49 nN, whereas clusters of cardiomyocytes 
can contract with a 2.4 nN force [2].  Cultured cardiomyocytes are a useful laboratory tool to 
better understand heart pathologies, diseases, drug effects, and overall contraction events.    
 Conventional methods to assess cardiomyocyte contraction involve monitoring in situ 
electrical changes within the cells using either patch-clamp techniques, microelectrode arrays, or 
fluorescence based dyes that interact with calcium ions [3-5].  Recently, a new field of research 
monitoring cardiomyocyte contraction in situ within fabricated biomaterials has become 
prevalent.  Tian et al. paved the way with an influential paper that used a collagen coated 
nanoelectronic wire scaffold to promote cardiomyocyte attachment and growth while 
simultaneously measuring beating as a function of conductance both before and after drug effects 
[6].  The majority of fabricated biomaterials utilized for the purpose of monitoring cardiomyocyte 
contraction in situ also employ contraction detection via an indirect method of electrical 
conductance or ion flux changing within the cell.   
To date, there is no biomaterial that is able to promote adherence of cardiomyocytes 
while measuring cardiomyocyte contraction in situ as a function of the force deformation.  
This chapter explores the use of a piezoelectric scaffold platform that is able to monitor 
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contraction deformation as a function of voltage through PVDF-TrFe electromechanical 
properties.   
 
6.2 Materials and Methods 
6.2.1 Culture of rat neonatal cardiomyocytes (RCM) 
Rat neonatal cardiomyocytes were obtained from Lonza (Allendale, NJ).  Tissue culture 
media and supplementary growth factors were purchased as the Bullet Kit (CC 4415, Lonza) and 
contained the basal rat cardiomyocyte medium, which was further supplemented with horse 
serum, fetal bovine serum, and the antibiotic gentomyocyin.  All nanogenerators and control 
fibronectin glass coverslips (BD Biosciences) were further coated with nitrocellulose in methanol 
(Sigma, Biology grade) solution by preparing a stock solution of a 1cm2 nitrocellulose paper 
dissolved in 10 mL of methanol.  A final concentration of 1:10 nitrocellulose in methanol was 
created from stock solution and 10 µl plated onto either the glass coverslips or nanogenerators.  
Nitrocellulose covered substrates were then allowed to dry for at least 5 min at room temperature 
prior to cell seeding.  RCM were seeded at a density of 400k/mL unless noted otherwise, and 
cultured in 6-well plates on either the control glass coverslips or nanogenerators in a Revco 
Ultima II tissue culture incubator (ThermoScientific, Ashenville, NC) at 37oC and 5% CO2.  
Media was supplemented with 200 µM 5-bromo-2-deoxyuridine (Lonza, Allendale, NJ) in order 
to control cardiac fibroblast contamination and overgrowth and changed every day for RCM 
grown on nanogenerators and every 3 d for control RCM.   
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6.2.2 Preparation of nanogenerators for cellular culture 
 
 Methods for fabrication and preparation of nanogenerators for cell culture were adopted 
from our previous work (Chapter 4 and 5).  Briefly, both aligned coaxially electrospun collagen- 
PVDF-TrFE fibers were interfaced with EDS tape (3 MM) and the flexible plastic substrate 
TOPAS, along with fabricated electrodes composed of copper tape (3MM) and electrical wire.  
These nanogenerators were termed v1.0 and were utilized for the first series of RCM 
experiments.   
Upon experimentation it was noticed that optical microscopy, along with live video 
recordings and immunofluorescent staining was difficult due to the thickness of the 
nanogenerator.  Therefore another version of the nanogenerator, termed v3.0 was created with a 
flexible plastic coverslip (VWR 22 x 22 mm).  PVDF-TrFe fibers or collagen-PVDF-TrFe fibers 
were electrospun with an aligned setup and then transferred to the coverslips.  The fabricated 
copper electrodes were then interfaced with the fiber coated coverslips prior to cellular seeding. 
Both versions of the nanogenerators were fabricated and sterilized (n=3) by immersion in 
a 70% EtOH solution (Pharmco-AAPER, Brookfield, CT) and subsequently placed within the 
Baker Sterigard laminar cell culture hood (Sanford, Maine) with exposure to the UV light 
overnight.   
 
6.2.3 Nanogenerator recordings of RCM activity with the oscilloscope  
 Day 1 of the RCM experiments was counted as the day cells were seeded onto the various 
substrates.  Oscilloscope recordings (Infinium 500 MHz 1 GSa/s, Hewlett Packard) of the 
nanogenerators (n=3 +) seeded with RCM were taken on days 2, 5, and 8 for v1.0 and days 2 and 
7 for v3.0.  A baseline recording of nanogenerators without cells was recorded, in addition to 
signal of the ambient electrical noise with the positive and negative ends of the electrode probe 
placed onto a flat surface.  Signal acquisition was set to either 25 or 50 ms sample rate in 10 mV 
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increments.  All cellular recordings were subtracted by the first baseline peak individual to each 
recording in order for comparison among nanogenerators and among different trials.  Deliberate 
voltage spikes were separated from the noise based upon the height and pattern.  Spikes that are 
2-4 times higher than noise were counted as a sensor reading.  In addition, the electrical noise 
observed within the system had a regular waveform that could be distinguished from the cellular 
activity.    
 
 
6.2.4 Imaging experiments- optical, fluorescent, and SEM 
Optical imaging was performed on live RCM cultures grown on both control glass 
coverslips and each version of the nanogenerator with the Nikon Eclipse 50i (Nikon Instruments 
Inc, Melville, NY) by placing the 10x objective lens inside each well of the tissue culture plate.  
The Nikon Brightfield software package was utilized to obtain both images and live video 
recordings at various culture time points.    
Immunofluorescent staining of RCM cultures after D6 on nanogenerator v3.0 was also 
performed by fixing the RCM on the various substrates with a 4% paraformaldehyde (PFH) 
solution (Polysciences Inc., Warrington, PA) in 1X PBS for 30 min and staining with 0.1 µl/mL 
DAPI (Invitrogen/Life Technologies, Grand Island, NY) for the nucleus or 5 µl/mL Oregon 
Green 488 phalloidin (Invitrogen/Life Technologies, Grand Island, NY) for the actin 
cytoskeleton. IFC images were taken using a Zeiss confocal microscope (Carl Zeiss LSM 700) 
and used to visualize the cellular morphology.   
Because surface cytoskeletal features may not be apparent with optical imaging or IFC 
microscopy, SEM images of RCM cells grown on both versions of the nanogenerators was 
employed.  Briefly, RCM cells were fixed in Karnovsky’s Fixative (5% glutaraldehyde, 4% 
formaldehyde, 0.08 M sodium phosphate buffer) (Electron Microscopy Sciences, Hatfield, PA) 
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for 1 h and then exposed to a serial EtOH dehydration series, with each exposure lasting 10 min.  
After being immersed in 100% EtOH, the scaffolds with attached cells were dried chemically 
using hexamethyldisilizane (HMDS) (Electron Microscopy Sciences, Hatfield, PA).  SEM 
samples were sputter coated with Pt/Pd at 40 mA for 35 s (Cressington Scientific Instruments, 
Watford, UK) and loaded into a Zeiss Supra 50 VP FE-SEM at high vacuum.   
 
 
6.2.5 RCM drug experimentation with isoproterenol 
 In order to help access if the nanogenerator v3.0 was working appropriately, a 1 mM 
solution of isoproterenol in cardiomyocyte supplemented medium was prepared.  Isoproterenol is 
able to induce a faster and stronger contraction within cardiomyocyte culture.  RCM cultures 
treated with a final concentration of 1 µM isoproterenol and allowed to equilibrate for 20 min.  
After equilibration within the CO2 incubator, cultures were taken out for live imaging and 
oscilloscope recording experiments.  In order to verify that the drug was indeed working as 
anticipated, control cultures were monitored in addition to the experimental nanogenerator setups.     
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6.3 Results   
6.3.1 Morphology of RCM on nanogenerator v1.0 
 
 
 
 
 
Figure 39. Brightfield/SEM micrographs of rat cardiomyocyte morphology on control glass 
coverslips (a) day 6 (b) day 12 (c) day 16 (d) day 19 (e) SEM micrograph of rat cardiomyocyte 
day 6.  Scale bar for all micrographs is equal to 10 µm.   
 
After 24 hours of culture, control RCM began to cluster together and random 
asynchronous beating was observed in several groups while on the control glass coverslips.  
Figure 39a reveals the morphology of these clusters after 6 d post seeding, which became more 
pronounced after 12 d.  Within the clusters of RCM, a more well-defined synchronized beating of 
the culture monolayer was observed as the culture aged.  Additional imaging experiments 
revealed that along with the clustered cardiomyocytes, the typical triangular morphology was also 
present on day 16, as shown in Figure 39c.  Because Brightfield microscopy does not always 
reveal all cytoskeletal features, an SEM experiment was performed on control RCM on day 6, 
and this triangular morphology within the cellular cytoskeleton was further highlighted as shown 
in Figure 39e.  A clustered morphology with triangular myocytes was observed consistently along 
with a beating monolayer until the culture was terminated on day 19 (Figure 39d).   
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Figure 40. Brightfield/SEM micrographs of rat cardiomyocyte morphology on nanogenerator 
v1.0 (a) day 14 (b) SEM micrograph day 16 (c) day 19   Scale bar for micrographs noted.   
 
 Due to the thickness of nanogenerator v1.0, optical imaging was extremely difficult and 
quality micrographs were not obtained until the fourteenth day of culture, as shown in Figure 40a.  
The RCM are clustered together indicated by the yellow circles, much like what was observed for 
control conditions (Figure 40c).  The lines present are the collagen-PVDF-TrFE electrospun 
fibers within the nanogenerator and the largest yellow circle contained a cluster of cells beating 
quickly.  SEM imaging after day 16 revealed that cells possessed extended filopodia and grabbed 
onto the electrospun fibers, creating a directional tension within the fibrous scaffold as 
highlighted by the yellow arrow (Figure 40b).  For the nanogenerator sensor to work properly, 
cells must have direct contact with fibers in order to deform them and generate the voltage signal.  
Further analysis indicates that several fiber bundles containing approximately 10-15 
fibers/contact are typical for each cardiomyocyte cell cluster, with 3-4 contacts per cluster.     
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6.3.2 Oscilloscope recordings of RCM on nanogenerator v1.0 
 
 
 
Figure 41. Schematic illustration of cardiomyocyte contraction on nanogenerator sensor. 
 
 Cardiomyocytes seeded onto the electrospun piezoelectric fibers interfaced within the 
nanogenerator are expected to attach and beat in situ.  The main goal of this last hypothesis was 
to measure this beating by harnessing the innate electromechanical properties of the fabricated 
nanogenerator sensor.  A schematic of the interaction between sensor and cardiomyocyte is 
shown in Figure 41.  During the relaxed state between contractions, the fibers are not compressed, 
the only force being what is exerted naturally by the cell attachment.  This resulted in a 
background sensor reading of approximately 5-10 mV.  When a contraction occurs, the force 
from the cardiomyocyte is transferred to the polymer core of PVDF-TrFe, where the dipoles are 
depressed and an electric potential is generated.  This is relayed throughout the nanogenerator to 
the fabricated copper electrodes which are interfaced with the oscilloscope.  The recordings 
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shown in Figure 41 are real recordings taken of cardiomyocytes after 8 d of growth.  Each 
recording taken by the oscilloscope was carefully analyzed in order to identify the peaks which 
resulted from cardiomyocyte contractile activity not due to the electrical noise.  Representative 
recordings on nanogenerator v1.0 are shown in Figure 42.  Electrical noise on the nanogenerators 
without cells can be seen in Figure 42a and as shown, there is a distinct pattern that is on the scale 
of 5-10 mV.  On day 2, RCM appear to be beating and a prominent spike is apparent in Figure 
42b with an amplitude of approximately 20 mV.  The baseline noise level is also increased, which 
is expected as the attachment of cells deforms the fibers a certain amount.  This effect was also 
observed during HeLa cell experiments described in Chapter 5.  After 8 d of growth on 
nanogenerators v1.0, clustered waveform signals are apparent as shown in Figure 42d.  The 
voltage spikes are discernable from baseline recordings and are 3-4x larger in magnitude 
compared to the control with no cardiomyocytes.   
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Figure 42. Oscilloscope recordings from nanogenerator v1.0 seeded with RCM (a) Control 
reading with no cells (b) RCM day 2 (c) RCM day 5 (d) RCM day 8.   
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6.3.3 Morphology of RCM on nanogenerator v3.0 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 43. Nanogenerator v3.0 fabrication and benchtop testing.   
  
 In order to ensure that the newly fabricated nanogenerator was capable of providing the 
same piezoelectric response, while having the added benefit of optical clarity, benchtop cantilever 
testing was performed.  As shown in Figure 43, the nanogenerator v3.0 is more transparent 
compared to v1.0 and also demonstrates a clear piezoelectric response at both 2 and 3 hz 
frequencies.  Figure 44 reveals Brightfield microscopy images of RCM grown on the 
nanogenerator v3.0 with both aligned PVDF-TrFe (piezoelectric fluoropolymer-PFP) and the 
PVDF-TrFe-collagen fibers.  These nanogenerators were also coated with a layer of nitrocellulose 
in methanol as described above and allowed to incubate for at least five min prior to cellular 
seeding.  Control RCM grew in clusters on both day 3 and 5 as observed with the first series of 
experiments with nanogenerator v1.0.  This morphology was also observed with the 
cardiomyocytes at d3 on both the PFP and PFP-col nanogenerators.  However, the number of 
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clusters appears higher on the PFP-col nanogenerator, suggesting that the biopolymer collagen 
may be important for optimal attachment and growth.  These cardiomyocyte clusters appear more 
numerous after d5 on both types of nanogenerators, and can be seen from Figure 44 panels b and 
c.   
 
 
Figure 44. Brightfield micrographs of RCM after Day 3 and 5 (panel a) control glass coverslip 
(panel b) PFP fibers (panel c) PFP-col fibers.   
 
In order to highlight additional cytoskeletal features immunofluorescent staining of 
cellular nucleus and cytoskeleton was performed.  Due to the optical clarity of nanogenerator v3.0 
it was assumed background fluorescence would be minimized, unlike attempts with staining 
nanogenerator v1.0.  Figure 45 displays the DAPI/phalloidin staining of RCM grown on the PFP 
and PFP-collagen nanogenerators.  As shown, there is a large amount of background fluorescence 
present due to the non-specific staining of the electrospun fibers, which has presented a problem 
in previous work.  It appears as though the clusters of cardiomyocytes have stained and are 
roughly the size of what was observed with Brightfield microscopy, however it is difficult to 
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clearly distinguish them in both panels of nanogenerators.  The control cardiomyocytes imaged 
after 10 d with a larger objective lens reveal a more extended morphology that was observed with 
the nanogenerator v1.0 experiments.   
 
 
 
Figure 45.  IFC micrographs of RCM stained with DAPI (nucleus) and phalloidin (cytoskeleton) 
on nanogenerator v3.0 at Day 6 and control RCM at Day 10.  Red scale bars equal 75 µm and 
white scale bar equals 10 µm.   
 
Further SEM imaging in order to verify cellular attachment on the nanogenerators was also 
performed.  Figure 46a depicts the PFP nanogenerator v3.0 with a cardiomyocyte intertwined 
with the fibers.  Locating the RCM clusters originally found in IFC and Brightfield proved 
difficult during the SEM imaging, and this may be attributed to degradation of the cellular 
structure after chemical drying and handling in preparation of SEM.  However, the observation of 
fewer number of clusters on the PFP nanogenerators held true (Figure 46a and c).  A larger 
number of clusters were located on the PFP-col nanogenerators and cardiomyocytes interface 
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with and grab onto fiber bundles, similar to what was observed with nanogenerator v1.0 (Figure 
46b and d).   
 
 
 
 
 
Figure 46. SEM micrographs of RCM grown on nanogenerators v3.0 (a) PFP (b) PFP-col (c) 
PFP (d) PFP-col. Yellow scale bars equal 20 µm and red scale bars equal 10 µm.   
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6.3.4 Oscilloscope recordings of RCM on nanogenerator v3.0  
 In order to determine if cardiomyocyte contractions could be detected in situ with the 
new version of the nanogenerator, recordings were taken at both day 2 and 3 of initial growth as 
well as after the addition of the antagonistic drug isoproterenol.  As shown in Figure 47a, on day 
2 cardiomyocyte contraction is detected and identified on PFP nanogenerators as the two large 
spikes present.  These voltage spikes are approximately 2-3x the baseline recording noise and 
occur within a timespan of 500 ms, which would be consistent with several cardiomyocyte 
contractions.   After three days of growth on the nanogenerators, the signal is slightly altered, 
with discernable peaks more difficult to identify.  This is to be expected as verified by 
microscope observations, there were few clusters of cardiomyocytes as the experiment 
progressed.   It is entirely possible that the PFP fibers without the collagen coating could be too 
hydrophobic or lacking necessary functional groups, thus discouraging continued attachment and 
growth of the cardiomyocytes.  However, the PFP-col nanogenerators show a much stronger 
response, as shown in Figure 47 c-d.  After 2 d of growth, RCM on PFP-col nanogenerators 
reveal some signal with several peaks present that are discernable beyond background noise.  
However, a dramatically large voltage peak response is seen during D3, which was expected as 
these nanogenerators promoted larger and more numerous cardiomyocyte clusters.   
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Figure 47. Oscilloscope recordings of RCM seeded onto nanogenerator v3.0 after D2 and D3 (a) 
PFP D2 (b) PFP D3 (c) PFP-col D2 (d) PFP-col D3   
 
 In order to further verify that the fabricated nanogenerator could respond to 
physiological changes within the cardiomyocyte culture, isoproterenol was added to culture and 
the effect was measured by analyzing peak frequency and height both before and after addition of 
the drug.  The PFP-col nanogenerators were utilized for this experiment during day 6 due to their 
better quality signal assessed earlier.  As shown in Figure 48, right before addition of 
isoproterenol, a standard recording is made, with several identifiable peaks present in accordance 
with what was previously observed.  Roughly 2-3 peaks are present with an absolute value of 
approximately 9 mV.  After addition of 1µM isoproterenol a noticeable increase in peak 
frequency and amplitude is shown.  Peak frequency is almost tripled after the 20 min 
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isoproterenol incubation and several peaks have a larger absolute value (approximately 16 mV).  
In addition, the peak frequencies appear more clustered together after addition of the drug as 
compared to before exposure to the drug.   
 
 
Figure 48. Screenshot of live oscilloscope recording prior to and after addition of 1 µM 
isoproterenol.   
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6.4 Discussion and Conclusions 
          Rat neonatal cardiomyocytes are able to spontaneously beat in culture 12 h post seeding.  
Because RCM are a well–characterized cell line and typical model for cardiomyocyte research, 
they were chosen to determine the efficacy of the fabricated nanogenerators.  As demonstrated 
through Brightfield microscopy and SEM, nanogenerator v1.0 promoted cellular adhesion and 
was able to support culture for up to 19 d.  Cardiomyocytes appeared clustered on both the 
control substrate as well as the nanogenerators and this morphology has been previously reported 
in literature [7].  Interestingly, cardiomyocyte filopodia attached to the electrospun fibers within 
the nanogenerator and appeared directional with tension on the fibers, suggesting this was the 
axis of contraction during culture.    
        Oscilloscope recordings from the interfaced nanogenerators v1.0 revealed strong prominent 
voltage peaks after 2, 5, and 8 d of culture, with the last day possessing the most noticeable 
response.  This response was distinct from the bare nanogenerator recordings and could be 
visually collaborated with live video recordings.  Although this system appeared to support the 
growth of the RCM, visual impairment from the TOPAS and EDS tape occurred, interfering with 
fluorescent stains and clear microscope images.  Therefore, nanogenerator v3.0 was created in 
order to provide an optically clear and flexible substrate to adhere aligned electrospun fibers to.  
Although RCM appeared clustered after 3 and 5 d, overall cell viability was of lower quality 
compared to the first nanogenerator experiments.  IFC microscopy as well as SEM revealed small 
clusters of cardiomyocytes.  This condition however did not appear to affect the ability to record 
cardiomyocyte contraction events with both the oscilloscope and live video recording.   
            The ability for a biosensor to change in response to a physiological state is an important 
indication that the sensor is functioning as designed.  In order to test this, isoproterenol which 
induces cardimyocyte contraction with more strength and frequency was administered to cells 
grown on nanogenerator v3.0.  Peak frequency and amplitude changed in response to drug 
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administration, further supporting the idea that the nanogenerators were measuring 
cardiomyocyte contraction in situ.     
       Interestingly, RCM seeded onto PFP nanogenerators did not respond as well compared to 
those seeded onto PFP-col nanogenerators, even though each version was coated with the 
cardiomyocyte preferred substrate of nitrocellulose dissolved in MeOH.  Collagen is well 
documented biomaterial to which many types of cells, including cardiomyocytes will attach to.  
Therefore, for future experimentation, collagen coating of nanogenerators in the coaxial format, 
or perhaps with liquid gelation, should be incorporated on the nanogenerators in order to obtain 
optimal results.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
125 
 
 
 
6.5 References  
 
[1] Harvey PA, Leinwand LA. The cell biology of disease: cellular mechanisms of cardiomyopathy. 
The Journal of cell biology 2011;194:355-65. 
[2] Liu J, Sun N, Bruce MA, Wu JC, Butte MJ. Atomic Force Mechanobiology of Pluripotent Stem 
Cell-Derived Cardiomyocytes. PLoS ONE 2012;7:e37559. 
[3] Robertson GA. High-Resolution Scanning Patch Clamp: Life on the Nanosurface. Circulation 
Research 2013;112:1088-90. 
[4] Lancaster JJ, Juneman E, Arnce SA, Johnson NM, Qin Y, Witte R, et al. An electrically coupled 
tissue-engineered cardiomyocyte scaffold improves cardiac function in rats with chronic heart 
failure. The Journal of Heart and Lung Transplantation;33:438-45. 
[5] Zhang P-C, Llach A, Sheng XY, Hove-Madsen L, Tibbits GF. Calcium handling in zebrafish 
ventricular myocytes2011. 
[6] Tian B, Liu J, Dvir T, Jin L, Tsui JH, Qing Q, et al. Macroporous nanowire nanoelectronic 
scaffolds for synthetic tissues. Nat Mater 2012;11:986-94. 
[7] Tao J, Ma Y, Li X, Chen B, Yang Y, Ma X, et al. [An improved protocol for primary culture of 
cardiomyocyte from neonatal rat]. Zhonghua xin xue guan bing za zhi 2014;42:53-6. 
 
 
126 
 
 
 
CHAPTER 7 
 
Whole cardiac tissue and frog cardiomyocyte response on 
nanogenerators 
 
7.1 Introduction 
The ability to culture whole tissue explants is a difficult task due to the requirements 
necessary to keep a tissue alive.  .  While whole tissues are being considered as biomaterials for 
organ regeneration and transplantation, there is also potential for their use in drug screening and 
understanding heart tissue pathologies [1].  In order to determine if the nanogenerators previously 
described in Chapters 4-6 were able to also measure contractile activity in whole heart tissue 
explants; two mammalian models were utilized.  The frog Xenopus laevis is a common vertebrate 
model and has been used in previous research to investigate heart development [2].  Sprague-
Dawley rats are another common mammalian model used in biological and biomedical 
engineering research [3].  Both of these vertebrate models were utilized in order to characterize 
nanogenerator sensor response to explanted heart tissue as well as isolated cardiomyocytes.   
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7.2 Materials and Methods 
7.2.1 Frog whole heart and cardiac tissue isolation and plating onto nanogenerator 
Male Xenopus laevis frogs were sacrificed according to the appropriate IACUC protocol 
from the Habas laboratory at Temple University.  Briefly animals were given an injection of a 
benzocaine drug in order to induce anesthesia and then placed in a dorsal position in order to cut 
through the breast and collarbone to gain access to the heart.  Representative animals as well as 
surgical cuts are shown in Figure 49a-b.  Hearts used for tissue slice experiments were extracted 
and placed into an ice-cold 1x PBS (Life Technologies, Norwalk, CT) solution, followed by 
immediate dissection of the heart.  Heart slices were then placed onto prepared nanogenerators 
v1.0 containing PFP-col fibers, as described in Chapters 4 and 5 (Figure 49c).  Whole hearts used 
for nanogenerator recordings were extracted from the ribcage cavity and placed directly onto the 
nanogenerator with the experiment initiated immediately afterwards (Figure 49d).  Whole hearts 
beat for approximately 2-8 minutes after extraction from the animal, during which time the 
oscilloscope recordings were acquired.     
 
 
Figure 49. Male Xenopus laevis frog models (a) Picture of live frog (b) Dorsal view of opened 
animal prior to heart extraction (c) nanogenerator containing sliced heart tissue (d) nanogenerator 
containing whole heart.  
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Slices of frog heart tissue were allowed to equilibrate for one hour in a 1x PBS solution at 14 ºC 
before readings were taken.   
 
7.2.2 Rat heart tissue isolation 
 Adult male Sprague-Dawley rats several months of age were sacrificed according to 
IACUC protocol from the Firestein laboratory at Rutgers University.  Hearts were extracted and 
cut in order to create three separate tissue pieces for experimentation –the atrium, the ventricle, 
and an atria/ventricle together.  These slices are shown in Figure 50a-d.  A macroscale image of 
each tissue slice is shown in Figure 50a, with the atria/ventricle depicted in Figure 50b.  The 
atrium is shown in Figure 50c, whereas the ventricle is shown in Figure 50d.  Each slice was 
interfaced with the nanogenerators flat side down and allowed to incubate for approximately 1 hr 
in DMEM (Dulbecco’s Modified Eagle Medium-Life Technologies, Grand Island, NY) while in a 
standard cell culture CO2 incubator.  After incubation, nanogenerator recordings were performed 
using a Tektronix oscilloscope (TDS2024, 200 MHz digital) at 100, 200, and 500 ms intervals as 
well as 200 µs intervals.      
 
 
Figure 50.  Macroscale photographs of rat heart tissue slices including (a) all three tissue types 
(b) rat atria/ventricle (c) rat atrium (d) rat ventricle.  
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7.2.3 Frog cardiomyocyte isolation  
 Cardiomoycyte isolation and growth from adult frog heart tissue is not a typical protocol 
and thus far has not been reported in the literature.   Therefore a modified protocol used for rat 
cardiomyocytes was employed[4].  Heart tissue was extracted from frog subjects as previously 
described and washed twice with warmed DMEM before transferal to ice-cold 1x PBS.  Heart 
tissue was minced in small 1 mm x 1 mmm pieces and then transferred to a 30 mm tissue culture 
plate containing a 1mg/mL solution of collagenase/dispase in warmed DMEM (Roche, 
Indianapolis, IN).  Minced tissue pieces were enzymatically digested in the CO2 incubator at 37º 
C for 30 minutes and washed with 1x ice-cold PBS.  Mechanical abrasion using a 1 mL glass 
pipette was employed to further break up the enzymatically-digested pieces.  After the first 
mechanical abrasion step, samples were centrifuged at 1200 RPM for 5 min and the supernatant 
placed in another sample tube.  The pellet was resuspended in DMEM and pooled with additional 
supernatant aliquots after two more mechanical abrasion and centrifugation steps.   
 Nanogenerator v3.0 sensors were fabricated in order to grow the isolated frog 
cardiomyocytes.  These sensors contained only aligned PVDF-TrFe without the coaxial collagen-
HFIP coating.  In order to test whether there was an optimal coating for these cells, 
nanogenerators were coated with nitrocellulose in methanol (methods described in Chapter 6), a 
mixture of nitrocellulose or rat tail collagen (BD Biosciences) in a 1:1 v/v ratio, or rat tail 
collagen.  The coated nanogenerators were allowed to dry within the cell culture hood for at least 
five minutes prior to cellular seeding.   
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7.3 Results  
7.3.1 Oscilloscope recordings from frog heart tissue and frog whole heart 
 Frog heart tissues did not appear to yield a discernable signal on the oscilloscope until 
approximately 45 min- 1 hr post culture.  Sterilized nanogenerators prior to frog tissue culture are 
shown in Figure 51a, with actual experiment setup revealed in Figure 51b.  Voltage vs. time 
readout from the oscilloscope is displayed in Figure 51c, with clear peaks of approximately 20 
mV distinct from background noise. 
 
 
Figure 51. Frog heart tissue experiment on nanogenerator v1.0 (a) Nanogenerators containing 
PFP-col fibers prior to tissue seeding (b) Nanogenerator containing frog heart tissue slices (c) 
Oscilloscope readout of frog heart slices after 45 min incubation  
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The signal is likely from the continued beating of the cardiomyocytes within the frog heart tissue 
post dissection.  Additional monitoring of the frog heart tissue 24 h post dissection revealed no 
discernable signal from the nanogenerators, suggesting the frog heart tissue died due to the lack 
of perfused oxygen and nutrients.   
 In order to ascertain whether the nanogenerators would pick up the force from the 
contraction of an entire heart (even though the tissue would not be interfaced with the fibers) a 
whole frog heart was tested.  Interestingly enough several peaks that appeared to be 2-3x 
background noise were identified, and identified as a voltage spike due to a contraction event 
within the entire heart muscle (Figure 52).   
 
 
Figure 52.  Voltage vs time response of whole frog heart on nanogenerator v1.0 
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The frog heart continued to exhibit contractile movement for approximately 8 min post 
dissection, at which point identifiable contraction ceased.   
 
7.3.2 Oscilloscope recordings from rat heart slices 
Additional mammalian tissue slices were used in order to test nanogenerator’s sensing 
abilities.  As shown in Figure 53a, after 1 h of incubation in cell culture media, nanogenerators 
without heart tissue display a clear background noise pattern similar to what was previously 
observed in cell culture experiments.  The atria/ventricle slice (containing approximately half of 
the heart) is shown in Figure 53b, with distinct peaks above background noise apparent.  This 
signal appears even more dramatic coming from the atrial slice, which interestingly contains 
pacemaker cells that set the pace for heart cell contraction , as shown in Figure 53c [5].  The 
ventricle slice did not appear to have as distinct of a signal compared to the other tissue slices, 
and the oscilloscope automatically scale adjusted to find a signal in 200 µs intervals, which can 
be seen in the inset of Figure 53d.   
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Figure 53. Rat heart tissue slice activity after 1 hr incubation (a) background noise (b) 
Atria/ventricle slice (c) atrium (d) ventricle—inset shorter time interval  
  
After 48 h, the nanogenerator readings were again collected with very different results, as shown 
in Figure 54.  Due to the lack of perfusion throughout the tissue slices, after several hours the 
cells within the samples died.  This was expected as the absence of both blood and oxygen supply 
starved the tissue of vital nutrients.   The tissue cultures appeared necrosed, as seen in the image 
in Figure xxd and no longer possessed a pink color or clear media.  The recordings taken from 
each type of heart slice also revealed no discernable activity compared to the 1 h recordings.  This 
is shown in Figure 54a-c.  The signal background appears to be significantly less noisy as well, 
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which was noted in prior chapters in the absence of cell culture or cell death.  The absence of 
active cells within these tissues creates a signal much like what is observed in cell culture media.   
 
   
Figure 54. Rat heart tissue slice activity after 48 h incubation (a) Atria/ventricle slice (b) atrium 
(c) ventricle (d) Photograph of tissue slices on nanogenerators   
 
7.3.3 Oscilloscope recordings from isolated frog cardiomyocytes   
Frog cardiomyocytes were isolated from frog hearts using a protocol typically performed 
on neonatal rat/mouse models.  As shown in Figure 55 panel a, after 6 days no cells were visible 
on the prepared nanogenerators.  Prior to this timepoint, approximately 4-10 cells could be 
observed on each type of nanogenerator, indicating that the yield of cardiomyocytes from the 
isolation procedure was low.  In addition, the color of the cell culture media shown Figure 55b 
indicates that the media pH is increasing, an indication of the absence of cellular metabolic 
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activity.  Figure 55 panel c is a representative oscilloscope recording from the nanogenerators, 
which did not reveal any discernable signal aside from a typical background noise reading.  This 
type of signal was observed with every coating tested on the nanogenerators.  These observations 
indicate that frog cardiomyocytes were not successfully isolated from frog hearts in a quantity 
necessary to perform the nanogenerator experiments.   
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Figure 55. Frog cardiomyocytes isolated from Xenopus laevis hearts (a) Optical micrographs of 
control and coated nanogenerators v3.0  scale bar = 50 um (b) Image of frog cardiomyocyte 
culture on nanogenerators  (c) Oscilloscope recordings  
a b 
c 
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7.4 Discussion and Conclusions 
 Nanogenerators v1.0 were able to register distinct voltage peaks after being interfaced 
with frog heart tissue slices.  This effect was documented after approximately one hour post 
dissection and ceased after one day, due to tissue death.  Similar results were obtained with whole 
frog heart explants, however these signals ceased much sooner after approximately 8 min.  This  
can be attributed to the heart experiencing extreme stress and shock after the severance of major 
blood vessels after dissection.  The signal obtained from the frog whole heart was much noisier 
compared to frog heart slices and less frequent.  This is due to the fact that the frog heart slices 
have time to attach to the fibrous matrix and equilibrate.  During the 1 h incubation, there are 
groups of cells that are dying due to shock and loss of perfused blood and oxygen, as well as 
groups that continue to beat.  The region of tissue containing beating cells is most likely making 
contact with the fibers, resulting in the distinct voltage peaks that were observed.  Interestingly, 
these voltage peaks cease after one day, which would indicate the death of the tissue slices due to 
the lack of a perfusion culture system.   
 Rat heart slices interfaced with nanogenerator v1.0 yielded a familiar signal that has been 
previously observed in the frog heart slices, as well as the rat cardiomyocyte experiments.  Both 
the half heart slice containing the atrium/ventricle as well as the isolated atrium revealed several 
voltage spikes discernable over background noise.  The ventricle slice did not appear to have 
much activity, however when the oscilloscope adjusted automatically to search for a signal, a 
smaller timestep revealed several peaks.  The time interval of the nanogenerator experiments will 
be experimented with more in future work, as it is possible that a slower oscilloscope sample rate 
could prevent contraction events from being identified.  Interestingly, the most active tissue slice 
appeared to be the atrium, which can likely be attributed to the pacemaker cells found in this 
portion of the mammalian heart.   After 48 h post dissection, voltage signals were no longer 
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discernable from background noise, indicating that the nanogenerator was sensing tissue necrosis 
and absence of regions of beating cells.   
 Isolation of frog cardiomyocytes proved to be unsuccessful as revealed by the Brightfield 
micrographs as well as nanogenerator recordings.  In addition, the phenol-red indicator within the 
DMEM culture media suggested that there was little to no metabolic activity occurring, another 
sign that a limited number of cardiomyocytes were isolated.  The isolation protocol followed is 
typical for use with mammalian models, however it may not be optimized for amphibian cultures.  
It has been previously documented that there are differences in precursory structures of heart 
muscle cells among mammalian and non-mammalian species [6].  Overall, nanogenerators appear 
to sense contractile events within whole tissues of both frog and rat origin and are able to sense 
when tissue necrosis sets in.    
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CHAPTER 8 
Crosslinked Hyaluronic Acid Electrospun Fibers as Tissue Scaffolds  
This chapter explores the use of an electrospun neat crosslinked hyaluronic acid fibrous scaffold 
for potential scarless skin tissue engineering applications.  This paper will be submitted to ACS 
Biomaterials Science and Engineering.   
 
8.1 Abstract  
Electrospinning is a facile technique used to produce non-woven three dimensional (3D) 
polymer fibrous mats, which can mimic the architecture of the natural extracellular matrix (ECM) 
of the cell: critical for cell adhesion, proliferation, and growth. Here, we investigate the 
fabrication of an enhanced scaffold for skin tissue engineering applications by electrospinning the 
connective tissue extracellular matrix component hyaluronic acid (HA) in a novel neutral solvent 
system. In order to maintain the fibrous structure of the electrospun biopolymer mats, HA fibers 
were crosslinked with divinyl sulfone (DVS), making them chemically stable in aqueous 
solutions. The morphology, chemical interactions, mechanical properties, and stability of the 
formed HA fiber mats were characterized, and cell viability studies indicate that HA mats allow 
normal, healthy growth of viable human dermal fibroblasts (HDF).  Furthermore, HDF cells 
grown on HA mats had a genetic expression profile indicative of scarless fibrotic wound healing 
and regeneration. Our data indicate that DVS crosslinked HA mats represent a viable matrix for 
scarless skin tissue regeneration.    
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8.2 Introduction  
The ultimate polymer scaffold for tissue engineering applications must mimic the body’s 
architecture at a cellular level in order to closely resemble the natural systems they are supposed 
to replace and/or substitute and provide the framework necessary for new cellular proliferation 
and reparation[1]. Mimicry of the extracellular matrix (ECM), which plays an important role in 
organizing cellular three dimensional (3D) structures and contributes to the mechanical strength 
of the entire tissue, is an important component in the design of cellular scaffolds[2, 3]. Hyaluronic 
acid (HA) is an ECM polysaccharide found in mammalian connective tissues. HA consists of two 
alternating glycosydic linkages of α 1,4-D-glucuronic acid and β 1,3-N-acetyl-D-glucosamine[4].  
It is an integral component of tissue repair, wound healing, cellular migration, and proliferation 
[5].  The unique viscoelastic and rheological properties of HA contribute to the overall cellular 
micromechanical environment, and along with its antibacterial and anti-inflammatory attributes, 
make it an attractive tissue scaffold candidate[6-8]. Much work has been published on HA 
hydrogels due to their hydrophilic nature, facile fabrication/chemical modification, and 
demonstrated biocompatibility[9].  HA has been successfully crosslinked using water-soluble 
carbodimides, hydrazides, aldehydes, and photopolymerization techniques [10-13]. Collins and 
Birkenshaw reported that among the different crosslinkers tested, glutaraldehyde (GTA), divinyl 
sulfone (DVS), and epoxides produce the most chemically stable hydrogels[7, 14].   
Electrospinning is a well-established, low-cost, polymer processing technique that 
produces non-woven nanoscale fibrous scaffolds with better surface area to volume ratios 
compared to other fiber processes or tissue scaffolding techniques [15].  In comparison to 
conventional hydrogels, additional ECM-like nanoscale architecture granted by electrospun 
nanofibrous substrate have demonstrated superior performances. Feingold-Leitman et al. showed 
that when grown on a dual phase scaffold of electrospun PCL nanofibers and fibrinogen 
hydrogel, smooth muscle cells proliferate at a higher density and prefer the architecture of 
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electrospun nanofibers [16].  Despite the potential applications associated with electrospun 
scaffolds, difficulties have been encountered with electrospinning and crosslinking neat HA fibers 
due to the high viscosity of HA solutions at low weight percent concentrations and anionic charge 
on the polymer [17-20].  In 2006, Ji et al. reported creation of a thiolated HA, which required the 
copolymer polyethylene oxide (PEO), in order to electrospin [21].  Additional polymers have 
been incorporated into HA solutions in order to produce electrospun fibers, including gelatin, 
collagen, silk fibroin, and chitosan[5, 22-24]. Liu et al. reported successful electrospinning of neat 
HA nanofibers within a solvent solution of formic acid, DMF, and deionized water. However, 
mechanical and cellular characterization of these fibers for potential tissue engineering 
applications were not tested [18].  
Previous research conducted by our group has revealed that HA can be electrospun either 
in aqueous ammonium solutions or with aqueous phosphates, but fiber morphology is 
inconsistent, and thick fibrous mats cannot be obtained [25, 26].  This can pose a problem for 
future downstream applications of the work such as cellular culture.  In order to investigate the 
fabrication of an enhanced electrospun hyaluronic acid scaffold with well-defined fiber 
morphology?, we tested a novel solvent system and crosslinked the fibers to increase their 
mechanical and chemical stability.  To evaluate the potential for improved skin tissue engineering 
using this novel substrate, fibroblast proliferation was tested on these novel HA substrates.  
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8.3. Materials and Methods 
8.3.1 Materials 
Cosmetic grade sodium hyaluronic acid (HA) was obtained from Dali Chemical 
Company (Liuzhou, China) with a molecular weight of approximately 1.5×106 Da. N,N-
dimethylformamide (DMF), sodium hydroxide (NaOH), ethanol (EtOH), and divinyl sulfone 
(DVS) were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Water (dH2O) 
was purified using the Millipore Mill-Q system (Millipore, MA).   
Dulbecco’s Modified Eagle Medium (DMEM) tissue culture media were purchased from 
Gibco (Lifesciences, NY). Fetal bovine calf serum (FCS) was purchased from Thermoscientific 
(Hyclone, Utah).  HeLa cells and human dermal fibroblasts (HDF) were obtained from ATCC 
(Manassas, Virginia) and cultured in 100 mm2 cell culture plates in a Revco Ultima II tissue 
culture incubator (Thermoscientific) at 37oC and 5% CO2. HeLa cells were cultured in DMEM 
supplemented with 10% FCS and split every 3 days. HDF cells were cultured in Medium-106 
(Gibco), supplemented with 2% Low Serum Growth Factor (Gibco).   
8.3.2 Preparation and electrospinning of HA polymer solution  
Solutions for electrospinning were prepared from HA (1.5 w/v) in a 1:1 DMF/dH2O 
solvent system.  In order to crosslink the electrospun fibers, 60 wt % NaOH (0.3 v/v) and DVS 
(0.3 v/v) were added to the solvent system prior to electrospinning.  HA solutions were loaded 
into a 10 mL Becton Dickinson (BD) syringe fitted with a 20 gauge needle and an 11 cm 
collection distance.  The solution pump rate and voltage were set between 0.5-0.9 mL/hr and 17 
kV, respectively.  Fiber mats were spun for approximately 8 hours on a copper collecting plate 
coated with wax paper for fiber morphology characterization. Because humidity has a large effect 
on successful HA electrospinning, all mats used in the study were electrospun with a RH of ≤ 
15%, measured with a hydrometer (Fisher Scientific, PA).   
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8.3.3 SEM and fiber diameter analysis  
HA fiber and mat morphologies were imaged with field emission scanning electron 
microscopy (FESEM Zeiss VP5 Supra ) and Image J® was utilized to analyze fiber diameters 
(n=50). All fiber mats that were immersed in aqueous solutions for verification of crosslinking 
were electrospun on wax paper.  In addition, fibers were immersed for 7 days at the 
physiologically relevant neutral pH in dH2O in order to assess fiber morphology similar to cell 
culture conditions. Because HA mats can be difficult to peel off, they were immersed in EtOH to 
remove the mat from the wax paper, then air dried and lyophilized before SEM re-imaging.  It is 
believed that wax was not removed in any significant degree to affect the HA fiber mats during 
this procedure.   
 
8.3.4 ATR-FTIR analysis of bulk crosslinked solutions and mats   
In order to verify that crosslinking occurred via formation of new covalent bonds,  
attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)  (Thermo 
Nicolet Nexus 870 ThermoScientific, MA) was performed on bulk solutions of both non 
crosslinked and crosslinked solutions within the wavelength range of 4000 to 500 cm-1.  Both 
bulk polymer solutions and fiber mats were prepared and lyophilized overnight in the FlexiDry 
MP system before representative samples were analyzed.   
8.3.5 Fiber mat solubility tests  
Further verification of fiber crosslinking utilized a modified procedure from Austero et 
al. Crosslinked HA fiber mats were electrospun, cut into 1.5 x 1.5 cm squares and then exposed to 
a 1M acetic acid (AA), 1 M NaOH, or dH2O solution and allowed to soak [27].  After 15 minutes 
a 1.5 mL aliquot of the liquid solution was taken and transmittance at 600 nm was measured with 
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the Ocean Optics Micropak DH2000 UV-VIS (Ocean Optics). This same procedure was repeated 
for HA fiber mats immersed for 72 h.   
8.3.6 Tensile testing of crosslinked HA fiber mats  
A uniaxial tensile test was conducted on the crosslinked electrospun HA mats using a 
Kawabata KES-G1 (Kato Tech Co., Japan) microtensile tester. HA solutions were electrospun for 
8 hrs to produce mats with an average thickness of approximately 46 microns that could be placed 
into a tensile load cell. Each crosslinked mat was desiccated for 24 hrs before being cut into three 
rectangular strips (5.5 cm × 1 cm). In order to assess if changes in mechanical behaviors would 
occur after the mat sterilization procedure, crosslinked mats were sterilized via immersion in 
EtOH for approximately 20 min and then allowed to dry overnight before being cut into 
rectangular strips.  Thickness measurements of each mat were made utilizing an optical 
microscope before being adhered to a 5 N load cell following the methods described by Donius et 
al.  Briefly, each load cell was stressed at a rate of 0.1 cm/s during the tensile test. The Kawabata 
raw load data including time, displacement of fiber mats, and corresponding voltage was recorded 
in Labview (National Instruments) and exported into Microsoft Excel [28].  Elastic modulus (E) 
and ultimate tensile strength (UTS) were determined by first transforming the raw load data 
obtained from the Kawabata machine to corresponding stress-strain curves. Stress (σ = F/A) was 
calculated using the voltage (load) output (F) from Labview (National Instruments) divided by 
the cross sectional area (A) of each fiber mat tested.   Cross sectional area was calculated with the 
dimensions of each mat and their thickness as determined by the optical microscope. The initial 
strain rate (ε0) was 10 mm/s and the linear region of the slope of the stress-strain curve provided 
the elastic modulus (E=σ/ε) and the maximum stress was determined to be the UTS. 
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8.3.7 AFM-based nanoindentation 
 
Atomic force microscopy (AFM)-based nanoindentation was performed on crosslinked 
electronspun HA mats using a colloidal spherical tip (radius R ≈ 5 µm, nominal spring constant k 
≈ 7.4 N/m) and a Dimension Icon AFM (BrukerNano). For the indentation force versus depth (F-
D) curve at each location, the loading portion of the F-D curve was fit to the linear elastic Hertz 
model to calculate the effective indentation modulus, Eind.  
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where ν is the Poisson’s ratio. The test was performed on mats both before and after the EtOH 
sterilization. For each mat type (sterilized versus non-sterilized), indentation was repeated on 
more than three samples, and at a total of ≥ 10 locations. Data obtained on the same sample type 
were pooled since no statistical significance was found between the values of Eind measured on 
samples of the same type via Kruskal-Wallis test (p > 0.05). 
 
 
 
8.3.8 Human dermal fibroblast seeding of electrospun fiber mats and immunofluorescent staining  
 
 Fiber mats and films for cell seeding were prepared and sterilized with EtOH and UV 
treatment one day prior to cell seeding. Crosslinked HA mats were electrospun according to 
solution parameters and allowed to dry overnight in a desiccator (Secador Auto-Desiccator, 
Pequannock, NJ). Each mat was immersed in a 10 mM L-alanine (Sigma-Aldrich, St. Louis, MO) 
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solution for 30 min in order to bind any unreacted DVS present within the fiber mat. HA fiber 
mats and films were then cut into 5 mm × 5 mm square strips and immersed in a 70% v/v ethanol 
solution, followed by two phosphate-buffered saline (PBS) washes (CellGro, MediaTech Inc) and 
subsequent placement into cell culture wells. Mats and films were allowed to remain under the 
Sterigard laminar cell culture hood (Baker Corporation, Maine) UV light overnight to sterilize 
them (Figure 56). 
Human dermal fibroblasts (HDFs) were seeded onto either the HA films or fibers at a 
density of 5 × 104 cells/well in 6-well tissue culture plates. Glass coverslips (BD Biosciences) 
were used as a control. After 72 h of growth, cell culture wells were washed twice with 1X PBS 
and then stained and fixedHeLa cells on various substrates were fixed with a 4% 
paraformaldehyde solution (PFH) for 30 min and stained with DAPI (Invitrogen) for 1 h at a 
concentration of 0.1 μL/mL (nucleus staining) or phalloidin (Oregon green, Invitrogen; actin 
cytoskeleton) at a concentration of 5 μL/mL.  Immunofluorescent images of the HeLa cells on the 
HA fiber mats were taken with a Zeiss confocal microscope (CLSM 700) (40× objective). 
 
 
8.3.9 Cell Viability using Promega Cell Titer Glo Assay 
In order to ascertain whether the HDF cells were surviving within the HA crosslinked 
fiber mats, a standard assay that qualitatively measures the amount of adenosine triphosphate 
(ATP) in culture was used. ATP is a chemical produced only by live cells, and therefore, its 
detection via the Cell Titer Glo luminescent assay (Promega) was a simple way to qualitatively 
determine cell survival.  Crosslinked HA fiber mats were cut into squares with 0.5, 1.0, or 1.5 
mm side lengths to represent small, medium, and large sized mats. Mats were seeded at a density 
of 5 x 104 cells/well and grown in 500 µl of the supplemented media.  HDF cells seeded at the 
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same density into the tissue culture polystyrene (TCP) wells served as the control. After forty-
eight hours, cell viability for small, medium, and large mats was taken (Day 2). Another set of 
experiments measuring viability through nine days was also set up using the same parameters 
with the largest fiber mats.  Media was changed every three days for these series of experiments. 
The luminescent assay was used at time points 2, 5, 7, and 9 according to the Promega protocol.  
Briefly, the luminescent reagent was mixed with the contents of the appropriate wells and shaken 
to induce cell lysis for two minutes.  After allowing the signal to stabilize for ten min, the entire 
contents of the wells were placed into the 20/20n Luminometer (Turner Biosystems) and scanned 
(peak wavelength 420 nm) using the preloaded Promega Cell Titer Glo protocol.  Measurements 
were recorded in triplicate for three trials, with the reported values being the average.  
 
 
8.3.10 HDF gene expression as determined by reverse transcriptase polymerase chain reaction 
(RT-PCR) 
 
In order to perform a semi-quantitative analysis of gene expression levels, RT-PCR was 
used to monitor CD44, tissue inhibitor metalloproteinase- 1 (TIMP1), and metalloproteinase-1 
expression.  DNA primers for each gene were custom made (Supplementary Table 1) and ordered 
from IDT (Coralville, IA) with β-actin representing the control housekeeping gene.  Cells were 
seeded in triplicate onto large HA fiber mats, HA films, or the control TCP at a concentration of 5 
x 104 cells/well into a 24-well plate.  Media was changed every 3 days and both an initial (Day 2) 
and final (Day 7) time point were used for this expression experiment.  Before the RNA isolation 
protocol, fiber mats were removed from their original well and washed in 1x PBS.    RNA was 
then isolated from cells using the RNeasy kit (Qiagen) according to the manufacturer’s protocol. 
Complimendary DNA (cDNA) was synthesized from the isolated RNA using the iScript cDNA 
a b c 
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Synthesis kit (BioRad, Hercules, CA) according to BioRad protocol.  For the RT-PCR reaction 50 
mM MgCl2, 10x Taq Buffer, 10 mM dNTPs, and Taq were mixed together along with the 
appropriate volume of cDNA, nuclease free water, and RNA primer.  All genes were amplified 
for 40 cycles in a BioRad Thermocycler (BioRad, Hercules, CA) except for β-actin which was 
run for 35 cycles, and annealing temperatures were chosen based upon the melting temperature of 
each RNA primer. Agarose gels (1.0-1.5 %) were used for gel electrophoresis on the amplified 
cDNA with ethidium bromide staining (BioRad, Hercules, CA).  A semi-quantitative 
densitometric analysis of the gene bands was performed using the ImageJ® software with the 
“Gel Analysis” tools, and gene expression was reported relative to normalized β-actin.   
8.3.11 Statistical Analysis 
Analysis of significance was performed using either a Kruskal-Wallis test or a two-sample 
student’s t-test with the Graphpad Prism 4.0 software (Graphpad, La Jolla, CA). All experiments 
were run in triplicate unless otherwise indicated. 
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8.4 Results  
8.4.1 HA solution properties, fiber morphology and crosslinking mechanism 
 The proposed crosslinking mechanism involved in the HA-DVS reaction is shown in 
Figure 57, with the pKa of the primary HA hydroxyl reported to be approximately 12.  When 
exposed to a basic pH, the primary hydroxyl of HA will ionize and interact with the alkene of 
DVS, forming a sulfonyl-bis ethyl linkage.  In addition, HA-DVS solution properties that include 
DVS concentration and pH of solution are shown in Figure 57. Figure 58a-h reveals HA fiber 
morphology with the various DVS concentrations used in Figure 57.  SEM micrographs were 
taken both before and after water immersion in order to assess fiber morphology after subsequent 
wetting and drying. Two of the DVS concentrations tested, yielded fibers which collected 
sparsely on the collector plate and did not preserve a sufficent fibrous morphology after water 
immersion.  However, DVS 3 yielded robust HA fibers with an  average  fiber diameter of 358 ± 
78 nm.  The representative SEM micrograph of HA crosslinked fibers (DVS 3) after immersion in 
water reveals that the fibers swell and have an average diameter of 529 ± 200 nm but remain 
intact (Figure 57c).  The DVS 3 concentration was used in subsequent cellular experiments.   
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Figure 56. HA fiber mat processing schematic. 
 
Figure 57. Crosslinking conditions and proposed mechanism for DVS crosslinking   
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8.4.2 ATR-FTIR results, crosslinked mat solubility, and mechanical properties  
To verify HA crosslinking with DVS from the formation of new chemical bonds, FTIR 
analysis was performed on both bulk crosslinked and non-crosslinked solutions in addition to 
electrospun mats. The characteristic FTIR peaks for C-O-C ether bonds in HA are approximately 
1250 cm-1 and 1120 cm-1 and are present in Figure 59a.  There are large peak shifts observed at 
approximately 3000 cm -1 in both the crosslinked fiber mat and fiber bulk solution.  An increase in 
the sulfone peaks at approximately 1140 and 1325 cm-1 is also witnessed in each of the 
crosslinking solutions  
 In order to further validate crosslinked HA fibrous mats, a transmission experiment 
utilizing a modified protocol was employed [27].   Transmission at 600 nm was measured from 
fibrous mats exposed to acidic, neutral, and basic solutions.  Crosslinked mats exposed to a pH of 
both 2 and 14 resulted in greater than 90% transmittance after 15 min and were visible.  After 72 
h, the fibrous mat in a pH 14 solution was no longer visible, and this dissolution was confirmed 
by the 90% transmittance value.  The HA fibrous mats exposed to the neutral pH solution, which 
appears important from a physiological and practical application point of view, yielded a slightly 
lower transmittance value (89%) but were observed after both time points.  To rule out the 
possibility that unreacted crosslinker may be leaching out of the fibrous mats creating a different 
transmittance value, electrospun HA mats were crosslinked and then allowed to sit in a 10 mM L-
alanine solution for approximately 30 minutes (processing protocol shown in Figure 56). The L-
alanine solution is expected to react with any unreacted DVS within the crosslinked mats. 
Capping the unreacted DVS within the HA fiber mats improved transmittance values, both after 
15 min and 72 h (Figure 59b).   
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Figure 58.  HA-DVS fiber morphology.   SEM micrographs of (a) non crosslinked HA fibers (b) 
DVS 1 fibers (c) DVS 2 fibers (d) DVS 3 fibers (e) HA fiber diameter distribution (f) DVS 1 after 
water immersion 24 h (g) DVS 2 after water immersion 24 h (h) DVS 3 after water immersion 24 
h (HA-DVS* = DVS 3 crosslinked fibers) Scale bars equal 2 µm.  (i) HA-DVS* after water 
immersion 7 days   
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Figure 59a-c. Verification of crosslinking and mechanical properties.  (a) FTIR spectra of 
crosslinked bulk HA solutions and mats (b) T600nm values for HA crosslinked mats in various pH 
solutions- the crosslinked mat dissolved after 72 hrs in the pH 14 solution.  All other mats were 
observed after both the 15 min and 72 hr time point.  The line indicates the 90% transmittance 
cutoff value for a fully crosslinked or fully dissolved mat. (c) Mechanical properties of 
crosslinked fiber mats as compared to HA-phosphate mats using the KEG-S1 system 
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Figure 59d.  (d) AFM nanoindentation mechanical properties.   
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We have previously demonstrated that addition of various phosphate salts to HA 
solutions facilitates electrospinning of fiber mats suitable for mechanical evaluation.  Neat HA 
solutions are not capable of producing fiber mats thick enough for evaluation of tensile 
properties.  However, addition of crosslinker to the neat HA solution enables fibrous mats to be 
collected and mechanically analyzed.  Figure 59c reveals the elastic modulus of crosslinked HA 
mats as compared to our previous HA-phosphate fibrous mats.  The crosslinked mats appear to 
have a larger modulus compared to the three phosphate mats, however this difference was 
determined to not be significant (p<0.05).  All elastic moduli for both crosslinked and phosphate 
mats however are an order of magnitude higher than the physiologically relevant elastic modulus 
of human skin, which can range from 1-30 MPa depending on skin thickness and which area of 
the body it is isolated from {Crichton, 2013 #653} The mechanical properties were evaluated 
with dry HA fiber mats, which is typical when evaluating potential tissue scaffolds[29-31]. 
However, when placed in a physiologically relevant aqueous environment, scaffolds typically 
have decreased mechanical properties [32, 33].  Depending upon whether the polymer is synthetic 
or natural, elastic modulus can decrease by approximately 18%-72% after EtOH sterilization [32, 
33]. Therefore, it may be advantageous to begin with fibers which are stronger compared to the 
native tissue the scaffold is intended for, as the mechanical properties will decrease when exposed 
to aqueous environments.   
 In order to look at the mechanical properties on a nanoscale level, AFM nanoindentaiton 
was employed, as shown in Figure 59d.  Non-crosslinked samples had the lowest modulus, with 
crosslinked samples increasing this value.  Interestingly, after EtOH sterilization the modulus 
further increases.  This is likely due to the stretching of the fiber mat with a resulting fibrous 
scaffold with areas that are filmy, as seen in the corresponding SEM micrographs.   
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8.4.3 HDF cell morphology  and viability on crosslinked HA mats 
   As shown in Figure 60, HDF cells  became confluent, and demonstrated significantly 
more extended cytoskeletal projections on both the HA crosslinked gel and fiber mat, compared 
to the glass coverslip (Figure 60a).  This extended morphology is often indicative of healthy cells.  
The ATP viability assay revealed HDF cells were viable on both the control TCP as well as 
different sized crosslinked HA mats (Figure 61b-c), with no significant difference among groups 
(p <0.05).  HDF cells grown after nine days on the HA electrospun scaffolds maintained a 
relative ATP level similar to that of cells grown on the TCP substrate (Figure 61c).  However, 
after 9 days of growth on the HA gels, the ATP levels are significantly less compared to that of 
the TCP substrate (Figure 61c).      
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Figure 60. IFC micrographs of HDF cells grown after 2 days on (a) glass coverslip (b) HA film 
and (c) HA fiber mat.  All cells display an extended morphology indicating cells were healthy.  
Inverted color images highlight cytoskeletal projections.  Scale bars equal 20 µm.   
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Figure 61. HDF cytoskeletal projections and ATP assay.  (a) Number of HDF cytoskeletal 
projections for each condition (b) ATP levels of HDF cells grown on different sized HA fiber 
mats after 2 days (c) ATP levels of HDF cells grown at four timepoints with significant 
differences marked by an asterisk (p<0.05).  
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8.4.4 HDF gene expression 
 Semi-quantitative analysis of amplified cDNA products for each of the three target genes 
revealed differences in expression among the TCP, HA fibers, and HA films (Figure 62).  CD44 
was significantly expressed in larger quantities at both Day 2 and Day 7 when cells were grown 
on TCP compared to that of HA fibers and HA films.  Among the two HA substrates, TIMP1 and 
MMP1 have a lower expression at both Day 2 and Day 7 when grown on the HA fibers (Figure 
62).  The ratio of MMP1:TIMP1 which is important for scarless wound healing, was also found to 
be much higher for HDFs grown on the HA fibers compared to that of HA films or the TCP.  
These results indicate that after 7 days of growth, HA electrospun fibers provide an environment 
conducive to dermal fibroblast growth without activating the scar phenotype.  In contrast, the 
typical polystyrene material for tissue culture does appear to be promoting CD44, TIMP1 and 
MMP1 expression which are involved in scar formation.   
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Figure 62. Relative gene expression levels determined by semi-quantitative densitometric 
analysis of EtBr stained agarose gels (a) CD44 (b) TIMP1 (c) MMP1 and (d) MMP1:TIMP1 
ratio.   
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8.5 Discussion 
A novel neat HA electrospun fibrous scaffold with demonstrated stability in aqueous 
media and improved mechanical properties has been fabricated (Figs. 1-4).  Crosslinking via the 
HA primary hydroxyl occurred through DVS by the opening of conjugated carbon bonds (C=C) 
and interaction with the oxygen atom, resulting in formation of a new ether C-O-C bond.  These 
peak shifts and changes were observed due to the new ether bond created during crosslinking 
(Figure 59).  A decrease in the alkene (C=C) peaks occurs due to a loss in the DVS double bond, 
which opens to create the C-O-C bond.   A transmission value of greater than or equal to 90% 
indicates either (1) the fibrous mat is fully crosslinked or (2) the fibrous mat is dissolved.  A 
value between 50-90% indicates partial crosslinking.  As shown in Figure 59b, crosslinking HA 
fibrous mats with DVS greatly improve their stability.   
The focus of biomaterial research is to create structures that mimic the native cellular 
environment and elicit cellular interactions.  Because HA is an integral skin ECM component, it 
is an attractive polymer for skin tissue regeneration and repair.   It has been previously shown that 
addition of HA to cell culture at low concentrations stimulated fibroblast proliferation [34].    
Using human dermal fibroblasts, we have shown that our electrospun crosslinked HA scaffold not 
only is biocompatible, but encourages a scarless fibroblast phenotype, as demonstrated by genetic 
marker analysis (Figure 62). Furthermore, Messadi et al. demonstrated a marked increase in the 
expression of CD44, a receptor of HA, in scarred fibroblasts compared to normal fibroblasts [35].  
Interestingly, in our study, CD44 expression was highest on TCP at 2 days of growth, with HA 
fibers and films possessing significantly less (Figure 62). This suggests that initially, the 
polystyrene material may be inducing a scarred phenotype, as suggested by the increase in the 
CD44 marker, whereas this increase was not observed in the HA fibers and films. After seven 
days, this expression is reduced on the TCP; however, the matrix metalloproteinases TIMP1 and 
MMP1 are increased.  Matrix metalloproteinases are proteins involved in ECM formation and 
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cellular remodeling and are present in larger amounts in scarred tissue.  MMP1 regulates cell-
collagen interactions and degrades proteins while TIMP1 is able to inhibit the degradation in 
order to create a balance necessary for regeneration of tissue.[36, 37]. Interesting, an increased in 
the ratio of MMP1:TIMP1 is observed in fetal wounds, which heal without scars [38]. In this 
study, HDFs displayed a significantly larger MMP1:TIMP1 ratio (p <0.05) when grown on HA 
fiber scaffolds compared to the HA films and TCP (Figure 62), suggesting the promotion of a 
scarless fibroblast phenotype. 
Results from the luminescent ATP assay reveal that HDF cells are able to grow within 
crosslinked HA fibers over nine days (Fig. 61), with no significant difference observed between 
the scaffold and TCP (p > 0.05).  This result marks a substantial improvement of HA-based 
scaffold performance, as previous studies all have experienced a significant decrease in cell 
viability when seeded on HA blends compared to the control surface of tissue culture polystyrene 
(TCP) [39, 40].  In addition, fibroblasts grown on HA fiber scaffolds showed a significant 
increase in actin cytoskeletal projections compared to the HA gel and control glass coverslip (p < 
0.05 Fig. 6). The actin cytoskeleton is responsible for a multitude of functions, including cell 
adhesion and migration. It can also organize and appear differently when cells are cultured on 2D 
or 3D surfaces [41].  It has been well documented that electrospinning can provide the three 
dimensional fibrous network associated with the cell’s own ECM.  The varied surface roughness 
of the electrospun fibers encouraged the spreading and adhesion of the HDFs. The dry 
crosslinked HA fibers had an average diameter of 358 nm, which according to Keun et al. are 
within the desirable range of scaffold proportions for tissue engineering applications.28 Cellular 
attachment to the substrate is necessary for survival and continued proliferation and even though 
HA fiber diameters demonstrate irreversible swelling with exposure to aqueous environments, the 
swollen fibers are still within a suitable range. 
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A wound healing scaffold must not only be capable of promoting cell attachment and 
growth, but also aid in the regeneration of new and healthy tissue.  Being able to regenerate skin 
tissue that does not take on a scarred phenotype is important, otherwise scaffolds that are 
implanted may encourage the growth of collagen and other fibrous tissues.  Our HA electrospun 
scaffold has demonstrated potential in the field of skin tissue engineering.   
 
      
8.6 Conclusions 
A neat HA fibrous scaffold was electrospun and crosslinked with DVS.  Crosslinking the fibers 
increased their mechanical strength and chemical stability.  The HA fibers were able to promote 
good cellular adhesion and growth, with marked differences in actin cytoskeletal features in both 
HeLa and HDF cells.  In addition, the HA fibers appeared to promote a scarless fibroblast 
phenotype, which is critical in skin repair and regeneration.    
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CHAPTER 9 
Osteoblast response to crosslinked electrospun chitosan scaffolds Part 1: 
Non-mineralized  
This work has been compiled and submitted to the Journal of Biomedical Materials as 
“Osteoblast biocompatibility of novel chitosan crosslinker, hexamethylene-1-6-
diaminocarboxysulphonate” under Beringer et al. as of July 2014.   
 
9.1 Abstract 
Chitosan is a naturally occurring polysaccharide, which has proven to be an attractive candidate 
for bone tissue engineering, due to its ability to promote osteoblast mineralization. 
Electrospinning has become a well-established cell scaffold processing technique, as it produces a 
high surface area to volume fibrous material that can mimic the three dimensionality of the 
extracellular matrix of a cell.  In this study, we have investigated the osteoblast response to two 
different chemically crosslinked (hexamethylene-1,6-diaminocarboxysulphonate (HDACS) and 
genipin) electrospun chitosan scaffolds and their film counterparts in order to determine how 
material chemistry influences cellular behavior in conjunction with material topology.  In 
addition, material properties of each fiber scaffold such as porosity and tensile strength were 
considered.  MLO-A5 osteoblast cells grown on chitosan-HDACS scaffolds were found to 
display a more organized cellular network, along with significantly more filopodia extensions, 
compared to those grown on chitosan-genipin scaffolds.  After two days of growth on chitosan-
HDACS fibers, a higher level of alkaline phosphatase expression in MLO-A5 cells was reported 
compared to that of either chitosan-genipin fibers or films.  These results indicate that not only 
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chemistry, but also surface topology is an important effecter of cellular behavior.  Ultimately, 
chitosan-HDACS fiber scaffolds provided an adequate substrate for osteoblasts attachment and 
proliferation.    
 
9.2 Introduction  
The ultimate goal of any tissue-engineered scaffold is the creation of a material, which enables 
cellular attachment, infiltration, and growth [1, 2].  Materials that possess favorable surface 
chemistry and topology will encourage cell binding through integrin proteins.  The integrin focal 
adhesion expression and organization can be affected by altering material surface topology and 
chemistry, such as incorporation of nanopatterns, RGD ligands, and ridges within material 
substrates [3-6]. The surface wettability of materials has also proven to be important in cell-
biomaterial interactions, as neutral hydrophilic moieties have shown to promote greater cellular 
adhesion compared to more hydrophobic ones [7].  Because these scaffolds have to withstand the 
cell culture environment, a chemical crosslinker is often added to the material, which can alter the 
material topography and chemical structure, ultimately affecting cellular behavior.  In order to 
better understand the relationship between chemical functional groups, topography, and cellular 
behavior we have electrospun the naturally occurring, cationic polysaccharide chitosan with the 
crosslinker hexamethylene-1,6-diaminocarboxysulphonate (HDACS), in order to demonstrate its 
biocompatibility for the first time.  Chitosan is mainly isolated from crustacean shells and is an 
attractive candidate for bone tissue engineering because its processing results in strong yet porous 
structures.[8, 9] In addition, chitosan possesses intrinsic antibacterial properties and has been 
shown to promote osteoblast matrix mineralization [10-12].  Although chitosan has previously 
been reported to support bone cell proliferation, many of these scaffolds required a synthetic 
carrier polymer or were blended with ceramics or additional natural polymers [13-15]. 
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Previously, our group has electrospun and modified chitosan using a variety of crosslinkers under 
aqueous acidic conditions and reported the fiber morphology, chemical stability, and material 
properties [16-19].  In order to compare the biocompatibility of HDACS to an established 
chitosan biocompatible crosslinker, genipin was also tested.  Material properties of each fiber 
scaffold were characterized and osteoblast response to the different chitosan crosslinkers was 
measured.  In addition, thin films of crosslinked chitosan were created to compare the 2D 
environment of the film to the 3D environment of the fiber scaffold.   
 
9.3. Materials and Methods  
9.3.1 Fabrication of electrospun and crosslinked chitosan mats  
Electrospun chitosan mats were prepared according to methods developed by Austero et 
al., 2012 [17].  Briefly, 75-77% deacetylated chitosan was dissolved in trifluoroacetic acid (TFA) 
at a 2.7 wt% ratio and crosslinked with either genipin or hexamethylene-1,6-
diaminocarboxysulphonate (HDACS) via a one-step method.  Fiber mats that were crosslinked 
with HDACS were post treated at 120oC for 2 h to activate the crosslinking process.  All chitosan 
solutions were electrospun using a 21-gauge needle and with an applied voltage of 15 kV, at a 
collection distance of 10 cm, a constant flow rate of 1.0 mL/h, an operating temperature of 23-
25oC, and 20-35% relative humidity (%RH).   
 
9.3.2 Culture of MLO-A5 preosteocyte cells 
Tissue culture media (α-MEM containing nucleotides and L-glutamine) was purchased 
from Life Technologies (Grand Island, NY).  Fetal bovine calf serum (FCS) and supplemented 
bovine calf serum (BCS) were purchased from ThermoScientific Hyclone (Rockford, IL). MLO-
A5 cells were generously donated by the Bonewald Laboratory (University of Missouri-Kansas 
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City) and were cultured in 100 mm2 cell culture plates (BD Biosciences, San Jose, CA) in a 
Revco Ultima II tissue culture incubator (ThermoScientific, Ashenville, NC) at 37oC and 5% CO2 
[20].  Cells were cultured in α-MEM supplemented with 5% FCS and 5% BCS and split every 3 
d.    
 
9.3.3 Cellular visualization on films and electrospun fiber mats 
In order to determine the morphology of MLO-A5 cells on both the chitosan films and 
fibers, immunofluorescent (IFC) staining was performed.  Fiber mats and films were prepared 
and sterilized one day prior to cell seeding.  Immersion of mats and films in 70% ethanol (EtOH) 
solution (Pharmco-AAPER, Brookfield, CT) was followed by a 1X phosphate-buffered saline 
(PBS) wash (Corning CellGro) and subsequent placement into 6-well cell culture wells (BD 
Biosciences, San Jose, CA).  Mats and films were allowed to remain under the Baker Sterigard 
laminar cell culture hood (Sanford, Maine) with the UV light overnight.   Cells were seeded onto 
either the chitosan-genipin or chitosan-HDACS films or fibers at a density of 5 x 104 cells/well.  
Fibronectin coated glass coverslips (BD Biosciences, San Jose, CA) were used as a control.  After 
48 h of growth, cell cultures were washed twice with 1X PBS and then stained according to 
standard protocol.  Briefly, staining was performed by fixing the MLO-A5 cells on the various 
substrates with a 4% paraformaldehyde (PFH) solution (Polysciences Inc, Warrington, PA) in 1X 
PBS for 30 min and staining with 0.1 µl/mL DAPI (Invitrogen/Life Technologies, Grand Island, 
NY) for the nucleus or 5 µl/mL Oregon Green 488 phalloidin (Invitrogen/Life Technologies, 
Grand Island, NY) for the actin cytoskeleton. IFC images were taken using a Zeiss confocal 
microscope (Carl Zeiss LSM 700) and used to visualize the MLO-A5 cells on the various film 
and fiber compositions.   
Because surface cytoskeletal features may not be apparent with IFC microscopy, SEM 
images of MLO-A5 cells grown on both crosslinked mats were prepared and taken at two time 
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points, Day 2 and Day 9.  Briefly, MLO-A5 cells were fixed in Karnovsky’s Fixative (5% 
glutaraldehyde, 4% formaldehyde, 0.08 M sodium phosphate buffer) (Electron Microscopy 
Sciences, Hatfield, PA) for 1 h and then exposed to a serial EtOH dehydration series, with each 
exposure lasting 10 min.  After being immersed in 100% EtOH, the scaffolds with attached cells 
were dried chemically using hexamethyldisilizane (HMDS) (Electron Microscopy Sciences, 
Hatfield, PA).  SEM samples were sputter coated with Pt/Pd at 40 mA for 35 s (Cressington 
Scientific Instruments, Watford, UK) and loaded into a Zeiss Supra 50 VP FE-SEM at high 
vacuum.   
9.3.4 Quantitative analysis of cellular cytoskeletal filopodia 
Using SEM micrographs, filopodia were identified and measured with Image J according 
to a previous protocol [5].  Briefly, each SEM micrograph was background subtracted with a 
rolling ball radius of 50 pixels.  Scale bars were normalized and filopodia were measured and 
counted to create a distribution histogram.    
9.3.5 Cell viability using Promega Cell Titer Glo Assay 
In order to ascertain whether the MLO-A5 cells were surviving within the chitosan fiber 
mats, an assay that qualitatively measures the amount of adenosine triphosphate (ATP) in culture 
was used.  As ATP is only produced by live cells, its detection via the Cell Titer Glo (Promega, 
Madison, WI) luminescent assay was a simple way to qualitatively determine cell survival.  Both 
chitosan-genipin and chitosan- HDACS mats were cut into large rectangles (1.4 cm x 1.4 cm) 
which covered approximately 90% of the 2.0 cm2 area of each well.  MLO-A5 cells were seeded 
onto either the chitosan-genipin or chitosan-HDACS mats at a density of 5 x 104 cells/well and 
grown in 500 µL of the supplemented α-MEM media.  MLO-A5 cells seeded at the same density 
into the tissue culture polystyrene (TCP) wells were the control.  The media was changed every 
three days for these series of experiments.  After 48 h, the first time point for the viability assay 
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was taken (Day 2), followed by Day 5 and 9 according to the Promega protocol.  Briefly, the 
luminescent reagent was mixed with the contents of the appropriate wells and shaken to induce 
cell lysis.  After allowing the signal to stabilize for 10 min, the entire contents of the wells were 
placed into 1.5 mL tubes (Eppendorf, Hauppage, NY) and placed into a Turner Biosystems 
20/20n Luminometer (Promega, Madison, WI) and scanned using the preloaded Promega Cell 
Titer Glo protocol.  Measurements for each well were recorded three times, with the reported 
values being the mean with standard deviation shown.   
 
9.3.6 Quantitative analysis of bone marker analytes  using real-time quantitative PCR (qPCR) 
The Taqman Gene Expression Assays (Applied Biosystems-Life Technologies, Grand 
Island, NY) were used in order to assess the gene expression levels of the bone marker analyte, 
alkaline phosphatase (Applied Biosystems, Mm01187115-m1).  β-actin (Applied Biosystems, 
Mm00607939-s1) was used as the control housekeeping gene.  MLO-A5 cells were seeded onto 
either the chitosan-genipin or chitosan-HDACS mats at a density of 5 x 104 cells/well and grown 
in 2 mL of the supplemented α-MEM media.  Fiber mats were isolated from culture wells at 
appropriate time points, washed with 1x PBS, and centrifuged in a Denville 2600 microcentrifuge 
(Denville Scientific, South Plainfield, NJ) at 6000 rpm for 2 min.  RNA was extracted from each 
fiber mat by direct lysis of cells using an RNeasy Mini kit (Qiagen-Cat No. 74104) according to 
the manufacturer’s instructions.  The isolated RNA from each sample was transcribed to cDNA 
using the iScript ® (Biorad Kit No. 170-8891) reagents and protocol according to the 
manufacturer’s specifications.  The cDNA concentration and integrity was analyzed using the 
NanoDrop (Thermoscientific, Wilmington, DE).  Samples for qPCR were prepared by mixing the 
cDNA with the Taqman Gene Expression Master Mix 2X (Life Technologies, Grand Island, NY) 
according to the manufacturer’s protocol.  All samples were run in triplicate on an Eppendorf 
Mastercycler realplex2 (Eppendorf, Hauppage, NY)  real-time PCR thermocycler following a hot 
start protocol of 50ºC for 2 min and 95ºC for 10 min, followed by denaturation at 95ºC for 15 s 
c b a 
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and annealing and extension at 60ºC each for 1 min.  The realplex 2.2 software (Eppendorf, 
Hauppage, NY) was used for the quantitative analysis of gene expression.  The comparative CT 
method or 2-ΔΔCT was utilized in order to compare the expression of alkaline phosphatase to the 
endogenous control β-actin for each sample [21]. 
 
9.3.7 Statistical analysis 
All experiments were performed in triplicate unless otherwise stated.  Statistical 
significance was measured with either an unpaired Student’s T-test or an ANOVA with the 
GraphPad Prism 4.0 software (GraphPad, La Jolla, CA).  Values are reported with a p<0.05.   
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9.4. Results  
9.4.1 Morphology of chitosan crosslinked fibers  
 
Figure 63. Crosslinked chitosan fiber properties and structure.  (a) Genipin crosslinker structure 
(b) HDACS crosslinker structure (c) chitosan-genipin fiber with inset histogram (d) chitosan-
HDACS fiber with inset histogram (e) Table of crosslinked fiber characteristics.  Scale bars 
represent 1 micron.     
 
 
Figure 63 represents the typical fiber morphology observed for both the chitosan-genipin 
and chitosan-HDACS electrospun crosslinked mats.  Chitosan-genipin fiber diameters were an 
average of 296 nm and displayed a bimodal distribution, with a diameter range spanning 57-1724 
nm.  In contrast, chitosan-HDACS fiber diameters were an average of 285 nm with a diameter 
ranging from 75-878 nm, with a distribution centered around the average [17]. Keun et al., 
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provided evidence that there is an optimal size for cellular adhesion and proliferation within fiber 
scaffolds fabricated via electrospinning between approximately 300 nm and 1.2 µm, into which 
both fiber mat compositions fall [22]. In addition, a significant difference in fiber-fiber contacts, 
which relates to fiber topology, is observed with chitosan-HDACS scaffolds when compared to 
chitosan-genipin.    
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9.4.2 Morphology of MLO-A5 cells   
 
 
Figure 64. Representative IFC micrographs of MLO-A5 cells after 2 days. (a) chitosan-genipin 
films (b) chitosan-HDACS films (c) chitosan-genipin fibers (d) chitosan-HDACS fibers.  Red 
arrows indicate orientation of MLO-A5 cells. Scale bars represent 20 microns.    
 
 
The representative immunofluorescent (IFC) micrographs displayed in Figure 64 reveal 
an extended morphology indicative of healthy MLO-A5 cells when grown on non-mineralized 
crosslinked chitosan fiber mats and respective films after 2 d.  As shown, cells have numerous 
actin fibers within the cytoskeleton, which is consistent with viability and growth.  The cells 
appear to have created a confluent monolayer on both the chitosan-genipin and chitosan-HDACS 
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films, indicating that these substrates were sufficiently biocompatible (Figure 64a-b).  Figure 64c 
and 2d reveal MLO-A5 growth within the chitosan-genipin or chitosan-HDACS fibers. 
Consistent with the film compositions, MLO-A5 cells display an extended morphology on both 
the fiber mats and the control glass coverslip. The cells grown on the chitosan-HDACS mats have 
begun to orient themselves vertically and horizontally within this scaffold (Figure 64d).  This 
orientation may be very beneficial because during bone repair and regeneration, osteoblasts will 
create oriented collagen fibrils in parallel conformations.  The lamellar bone structure is 
indicative of reparation and creation of mature, healthy bone tissue [23]. MLO-A5 cells grown on 
the chitosan-genipin fiber mats (Figure 64c) also have begun to orient themselves to a lesser 
degree.   
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Figure 65. Representative SEM micrographs of MLO-A5 cells grown on chitosan fibers. (a) 
chitosan-genipin for 2 days (b) chitosan-HDACS for 2 days (c) chitosan-genipin for 9 days (d) 
chitosan-HDACS for 9 days. Scale bars represent 5 microns.   
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Figure 66. Histogram distribution of MLO-A5 cytoskeletal projections. 
 
To further analyze the cellular morphology of MLO-A5 cells grown on the crosslinked 
chitosan fiber mats, SEM was utilized.  As shown in Figure 65, cells display the same 
cytoskeletal features present in the IFC micrographs, but with different visible details.  
Morphological differences between cells grown on HDACS and genipin crosslinked chitosan 
mats are evident.  After 2 d post seeding, cells grown on chitosan-genipin fibers reveal a more 
rounded phenotype, in contrast to the flattened extended phenotype of cells on chitosan-HDACS.  
The MLO-A5 cytoskeletal filopodia and collagen fibrils in Figure 65b-(yellow arrows) are clearly 
visible and appear longer within the chitosan-HDACS fibers compared to those of the chitosan-
genipin fibers (Figure 65a).  SEM micrographs were processed with ImageJ software to quantify 
the amount and length of cytoskeletal filopodia after both day 2 and day 9 time points, combined 
(Figure 66).  As shown, MLO-A5 cells grown on chitosan-HDACS mats have a significantly 
larger amount of filopodia, which also tend to be longer compared to that of cells grown on 
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chitosan-genipin fiber mats (Figure 66). After nine days post seeding, chitosan-HDACS fibers are 
no longer visible, however sheets of interconnected MLO-A5 cells are present, which mimic the 
IFC micrographs (Figure 64).  After 9 d of growth on the chitosan-genipin scaffolds, cells do 
appear integrated into the fibrous scaffold, but the organized cellular network observed within 
chitosan-HDACS is not apparent.      
 
9.4.3 Cellular viability of MLO-A5 cells as compared to fiber scaffold properties  
 
Figure 67. ATP activity for crosslinked (a) chitosan fibers and (b) chitosan films along with (c) 
material properties and numerical ATP values.   
 
Results from the luminescent ATP assay reveal that MLO-A5 cells survive and 
proliferate while on the chitosan fiber mats and control films (Figure 67).  In general, ATP 
luminescence increases or remains the same among the groups grown on crosslinked chitosan 
fiber scaffolds compared to the control TCP.  The amount of measureable luminescence 
correlates with cellular viability and a higher luminescent signal should translate to a larger 
number of cells.  MLO-A5 cells grown on control TCP had a significantly larger ATP signal 
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compared to cells grown on the chitosan-genipin crosslinked scaffolds after 9 d.  However, there 
was no significant difference observed among cells grown on the chitosan-HDACS scaffolds 
compared to TCP (p <0.05).  In order to compare the 3D environment of the electrospun fibers to 
a 2D substrate while maintaining the same chemistry, crosslinked chitosan films were also tested.  
As shown in Figure 67b, ATP levels increase or remain the same among both crosslinked 
chitosan films and TCP.  There was no significant difference observed between the films and 
TCP or between the films and their fiber counterparts (p < 0.05).  Numerical values of average 
ATP levels after 9 d are shown in Figure 67c.      
Both the cortical and trabecular tissue present in craniofacial bone contribute to its 
mechanical properties.  Anisotropic elastic moduli for craniofacial bone can range from 114-910 
MPa for trabecular bone and up to 30 GPa for cortical bone.[24]  The authors have shown in an 
earlier study that the elastic moduli for both chitosan-genipin and chitosan-HDACS electrospun 
mats are 445 ± 33 MPa and 257 ± 205 MPa, respectively, which is within the range of trabecular 
craniofacial bone.  As shown in Figure 66, MLO-A5 cell viability was highest with the chitosan-
HDACS scaffolds, which had a lower elastic modulus, but more fiber-fiber contacts, when 
characterized and tested at 65% RH [19]. The mechanical integrity of the mats will change with 
respect to the increased amount of moisture, sterilization, and exposure to cell culture media.   
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9.4.4 Alkaline phosphatase expression  
 
Supplementary Figure 1. Relative ALP expression of MLO-A5 cells on various chitosan fibers 
and films. (a) Day 2 (b) Day 3 (c) Day 4. CS-gen* denotes chitosan-genipin films as CS-HD* 
denotes chitosan-HDACS films.  
 
Supplementary Figure 1 reveals the relative expression levels of alkaline phosphatase for 
MLO-A5 cells grown on either chitosan-genipin or chitosan-HDACS fiber scaffolds as well as 
their film counterparts, compared to the control TCP for 2, 3, and 4 d.  Data from Day 9 can be 
seen in Supplementary Table 1, due to expression levels.  Although the first time point (Day 2) 
appears to yield significant differences in ALP expression among the chitosan fiber scaffolds and 
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control TCP, there is not a statistical difference due to high variation of the data.  The next time 
points of Day 3 and Day 4 yield a decrease or a marginal increase of ALP levels compared to the 
TCP, though none of which are significant. Several samples were unable to be quantified due to 
poor cDNA quality (NA) and were then measured by regular PCR.  
 
9.5 Discussion  
Kato et al., were the first group to create and characterize the MLO-A5 cell line in order 
to better understand osteoblast growth and mineralization [25, 26].   These cells are able to 
undergo mineralization without the presence of phosphates in growth media after 6 d [20].   
Morphological cues, such as the presence of collagen fibrils and cytoskeletal projections, indicate 
growth and mineralization of the MLO-A5 cells.  When grown on the chitosan-HDACS fiber 
scaffolds, MLO-A5 cells possess these morphologies at both the Day 2 and Day 9 time points, 
with visible organization and sheet-like structuring (Figures 64-65).  These results provide the 
first evidence of the biocompatibility of the HDACS crosslinker and its demonstration of 
encouraging osteoblast growth.  However, this is not as apparent within the chitosan-genipin fiber 
scaffolds, even though the contact angle measurements of the fiber mats are within standard 
deviation of each other indicating similar hydrophilicity.   
Cellular attachment and spreading to surfaces is dependent upon a variety of factors, with 
surface chemistry a known modulator [8, 27].  Both crosslinkers tested appeared to provide a 
favorable surface and encourage the growth of MLO-A5 cells.    In order to crosslink chitosan, 
HDACS will form urea linkages under basic conditions [17].  In contrast, genipin crosslinks with 
chitosan through the amine groups under acidic conditions [17].  This difference in surface 
chemistries may be one contributing factor of the cell response.  It has been shown that urea 
linkages can alter the hydrogen bonding within styrene based polymers and increase platelet 
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adhesion to polyetherurethaneurea membranes [28],[29].   The urea linkages on the chitosan-
HDACS fiber scaffolds may encourage better attachment and spreading, as evidenced by the 
greater amount of cytoskeletal filopodia, as well as the overall cellular morphology.    
The mechanical properties of human bone are an important factor to consider when 
creating a scaffold to support osteoblast growth.  Stronger scaffolds that closely mimic the native 
range of bone induce a mature phenotype as measured by the osteoblast marker alkaline 
phosphatase, and create a minimal foreign body response when implanted [30].  In addition, 
human embryonic stem cells are able to differentiate into osteocytes faster when grown on 
scaffolds that have higher compressive elastic modulus [31].  The tensile elastic modulus for 
chitosan-genipin fiber scaffolds is significantly higher (445 MPa) compared to that of the 
chitosan-HDACS scaffolds (257 MPa) at 65% RH.  As they are dried hydrogel fibers, their 
mechanical properties if tested in a wet environment would decrease.   Although scaffold 
mechanical properties have proven important regarding cellular behavior, MLO-A5 cells 
demonstrate higher ATP activity and more pronounced filopodia projections when grown on the 
weaker chitosan-HDACS scaffolds (Figure 65).  It is possible that other fiber characteristics 
combined, such as fiber morphology and surface chemistry, are equally important when 
compared to the mechanical properties.  Sisson et al. have shown that osteoblasts preferred 
gelatin scaffolds, which were larger in diameter [32].  Although the average diameters of both 
crosslinked chitosan fiber scaffolds are not statistically different, their fiber-fiber contact area per 
unit volume is, with chitosan-HDACS mats possessing more (Figure 63).  The increased fiber-
fiber contacts within the chitosan-HDACS scaffolds may have provided a more suitable 3D 
topography for the MLO-A5 cells to adhere to, influencing the filopodia projections and 
spreading behavior of the cells.    
Alkaline phosphatase (ALP) expression is frequently used to identify the occurrence of 
osteogenesis, or the creation of bone matrix and mineralization [2, 10]. This marker for bone 
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metabolism has been previously used in order to better evaluate osteoblast behavior when 
assessing potential scaffold materials [33-38]. Because MLO-A5 cells are able to mineralize in 
culture, they endogenously will express ALP as they mature [25]-[26].  ALP expression typically 
is robust early on in culture, and then will decrease as other bone related genes are upregulated. 
Cells seeded onto chitosan-HDACS and chitosan-genipin fibers possessed higher levels of ALP 
after 2 d of growth compared to their film counterparts, although this was determined to not be 
statistically significant most likely due to the high variation among samples.  Additional time 
points reveal much lower expression of ALP compared to that of the control, which was not 
quantifiable.  The MLO-A5 cellular morphology and cellular viability results are encouraging 
with regards to the chitosan scaffolds being used for bone tissue engineering applications.  
However, the genetic ALP assay revealed that on a molecular level, the cells were not responding 
to the chitosan substrates in the way that was expected compared to the control TCP.  This 
observation is important, as much of the published literature regarding biomaterials uses quick 
methods (i.e. live/dead assay and IFC imaging) to determine whether a material is encouraging or 
not.  For bone tissue engineering applications, a phosphatase stain or colorimetric assay is utilized 
with regards to understanding ALP expression.  Our results indicate that a full biological analysis, 
complete with a genetic profile marker may be a better estimation of the potential for a 
biomaterial scaffold.   
9.6 Conclusions and Future Work 
Electrospun chitosan fibrous scaffolds were successfully fabricated and crosslinked with 
both genipin and HDACS.  MLO-A5 cells, which are a preosteocyte lineage, demonstrated 
growth and proliferation upon all scaffolds tested.  However, there appeared to be marked 
differences in cellular morphology depending upon the type of crosslinker present.  A larger 
number of cytoskeletal filopodia was observed within cells grown on the chitosan-HDACS 
scaffolds.  The changes observed with cellular morphology may be attributed to differences in 
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fiber structure and chemistry.  Ultimately, the combination of surface topology and chemistry are 
most likely to affect MLO-A5 cellular adhesion and spreading.  However, qPCR analysis of ALP 
expression revealed that the MLO-A5 cells did not respond to the scaffolds as predicted by the 
preceding experiments, but instead presented with low relative ALP levels, none of which were 
significantly different compared to cells grown on control TCP. This work demonstrates not only 
the biomaterial potential of HDACS crosslinked chitosan fibers, but also the importance of using 
a variety of biological techniques in order to understand cell response to a newly developed 
biomaterial.   
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CHAPTER 10 
Osteoblast response to crosslinked electrospun chitosan scaffolds Part 2: 
Mineralized 
 
The work found in this chapter is a joint paper between the two first authors Laura Beringer and 
Marjorie Austero Kiechel and describes the fabrication and materials characterization of 
mineralizd chitosan scaffolds and their subsequent osteoblast biological response. This paper was 
submitted to the Journal of Biomedical Materials as “Osteoblast biocompatibility of pre-
mineralized, hexamethylene-1,6-diaminocarboxysulphonate  crosslinked chitosan fibers” in July 
2014.    
 
 
10.1 Abstract 
Biopolymer-ceramic composites are thought to be particularly promising materials for bone tissue 
engineering as they more closely mimic natural bone. Here, we demonstrate the fabrication by 
electrospinning of fibrous chitosan-hydroxyapatite composite scaffolds with low (1 wt%) and 
high (10 wt%) mineral contents. Scanning electron microscopy (FESEM), energy dispersive 
spectroscopy (EDS) and unidirectional tensile testing were performed to determine fiber surface 
morphology, elemental composition, and tensile Young’s modulus (E) and ultimate tensile 
strength (σUTS), respectively. EDS scans of the scaffolds indicated that the fibers, crosslinked with 
either hexamethylene-1,6-diaminocarboxysulfonate (HDACS) or genipin, have a crystalline 
hydroxyapatite mineral content at 10 wt% additive. Moreover, FESEM micrographs showed that 
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all electrospun fibers have diameters (122 – 249 nm), which fall within the range of those of 
fibrous collagen found in the extracellular matrix of bone. Young’s modulus and ultimate tensile 
strength of the various crosslinked composite compositions were in the range of 116 – 329 MPa 
and 2 – 15 MPa, respectively.  Osteocytes seeded onto the mineralized fibers were able to 
demonstrate good biocompatibility enhancing the potential use for this material in future bone 
tissue engineering applications.   
 
 
10.2 Introduction 
 
Bone injuries and damage are a serious economic and health concern worldwide. In a 
2011 report of the American Academy of Orthopaedic Surgeons, bone-related disorders were the 
leading cause of disability, amounting to a total national expenditure (i.e. health care costs 
(direct) and lost wages (indirect)) of $950 billion which is equivalent to 7.4% of the national 
gross domestic product of the US during 2004-2006 [1]. Common bone fracture treatment options 
are often limited either by the availability of materials that can be used for autografting or by the 
success rate of current allografting techniques [2]. This leads to a continuously increasing demand 
for bone substitute materials for repair, regeneration or replacement and currently drives the 
growing research interest in the design and fabrication of materials that mimic the natural 
structure, composition and properties of bone.  
As a composite material, natural bone typically consists of 6 – 13% water, 49 – 70% 
mineral, 24 – 38% inorganic phase and the remainder organic materials [3]. The inorganic matter 
primarily consists of hydroxyapatite Ca10(PO4)6(OH)2 crystals, which are embedded in an organic 
matrix that is mainly composed of type-1 collagen [4]. Current research efforts primarily focus on 
synthetic porous hydroxyapatite (Ca10(PO4)6(OH)2) as resorbable bone substitute material due to 
its biocompatibility and chemical composition [5]. Additionally, bone tissue scaffolds frequently 
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also contain biocompatible polymers to emulate bone-like chemical and mechanical properties 
[6]. Historically, synthetic polymers [7] such as polyethylene (PEO) [8], polymethylmethacrylate 
[9], polyethylene terephthalate [10], poly-ε-caprolactone (PCL) [11] and polylactic-co-glycolic 
acid [12] have been of interest, although collagen [13], alginate [14], soy/gelatin [15], fibrin [16], 
cellulose-based [17], chitin [18] and chitosan [19] biopolymers are now gaining more attention 
due to their versatile chemistry, resorbability, bioactivity, water-uptake ability, improved 
biocompatibility and non-toxicity.  
Chitosan, the linear and partially acetylated (β-(1-4)-2-amino-2-deoxy-D-glucan) 
biopolymer, is used as the polymer matrix for biomimetic bone applications because it is  
inexpensive, abundant, and easy-to-process in comparison to other biopolymers [20, 21]. 
Previously demonstrated processing techniques for chitosan polymer blends as materials for bone 
tissue scaffold include freeze-casting [22], freeze-drying [23] and electrospinning [24-28].  
Electrospinning is an inexpensive, scalable and flexible technique that creates fibrous and porous 
scaffolds with microstructures that mimic the extracellular matrix of the cell [29]. Most of the 
work on chitosan-based electrospun scaffolds for bone regeneration has used blends of synthetic 
polymers, such as PEO [25, 26] or polyvinyl alcohol (PVA) [24], to facilitate fiber formation. 
Although the blending of synthetic with natural polymers can be beneficial in facilitating 
biopolymer fiber formation, the downside can be a delayed cellular response and onset of growth 
during cell culture, due to the presence of the additional synthetic polymer in the scaffold [27]. 
Biopolymeric materials are often sensitive to high moisture environments; therefore most 
scaffolds are crosslinked to improve the chemical or mechanical stability of the resulting material. 
Recently, we reported the novel crosslinking of electrospun chitosan fibers with the crosslinkers 
genipin and hexamethylene-1,6-diaminocarboxysulfonate (HDACS) [30]. Both crosslinkers have 
been previously utilized for chitosan gels and films [31]. Moreover, both have been favored over 
the more commonly used glutaraldehyde, due to their lower cytotoxicity, ability to react under a 
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wide range of pH and temperature, and to improve the chemical and mechanical properties of the 
scaffolds [32].  
This work describes the development of a biomimetic bone scaffold using porous 
electrospun crosslinked chitosan-hydroxyapatite composite fibers, which will potentially be 
favorable for bone cell attachment, proliferation and tissue regeneration. More specifically, two 
unique approaches are introduced: 1) a one-step addition of both the porous hydroxyapatite and 
the crosslinker to the spinning solution and 2) the fabrication of an electrospun porous 
hydroxyapatite-chitosan composite that is, in a second step, crosslinked with either HDACS or 
genipin. The preosteocyte cell line MLO-A5 was used to evaluate the potential of these 
mineralized fibrous scaffolds for bone tissue engineering applications.    
 
10.3 Materials and Methods 
 
10.3.1 Materials and preparation of chitosan-nHAp solution 
All methods used for the preparation of solutions for electrospinning and crosslinking 
were based on those described by Austero et al. [30]. Here, 3.7 wt% chitosan (75-77% DD, MW = 
190 – 310 kDa, Sigma Aldrich, St. Louis, MO) in trifluoroacetic acid (TFA, 99% ReagentPlus, 
Sigma Aldrich) was mixed (24 h, 23 ± 2°C). Prior to electrospinning, 1 or 10 wt% of 
hydroxyapatite nanopowder (nHAp, <200 nm particle size BET ≥97%, surface area >9.4 m2/g, 
Sigma Aldrich) was mixed into the chitosan solutions for approximately 2 min. HDACS was 
prepared using the protocol reported by Welsh et al. [33], while genipin was used as received 
(Wako Pure Chemicals Industry, Ltd., Japan). The crosslinkers were added as previously reported 
by Austero et al. 2012; either crosslinker was mixed for approximately 2 min prior to loading of 
the solution into the syringe for electrospinning.  
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10.3.2 Electrospinning of chitosan-nHAp solution 
Electrospinning was carried out at 23 – 25C and 30 – 35% relative humidity using a 
syringe-collector distance of 10 cm and an applied voltage of 15 kV.  The solution was 
electrospun at a flow rate of 0.5 mL/h. The mats (n = 3 per composition) were collected on a 90 
mm  90 mm aluminum-foil wrapped copper plate. Post-treatment at 120C for 2 h [30] was 
performed for the HDACS to activate the crosslinking reaction. Uncrosslinked mats with 1 and 
10 wt% nHAp contents were spun as controls. The mat morphology was compared to that of pure 
chitosan mats of an earlier study [30].  
 
 
10.3.3 Characterization of electrospun chitosan-nHAp composite fibers 
The mat surface morphology and elemental analysis were performed using a Zeiss Supra 
50VP FESEM (Carl Zeiss NTS, LLC) equipped with and an EDS system (Oxford Instruments, 
Oxford, UK) on samples that had been sputter coated with Pt/Pd at 40 mA for 35 s (Cressington 
Scientific Instruments, Watford, UK).  Fiber diameters (n = 150) were measured using ImageJ  
(version1.41o, NIH). Statistical significance was evaluated in StatPlus:Mac LE2009 (Build5.8 
AnalystSoft, Inc.); a p-value of less than 0.05 was considered statistically significant.   
The Young’s modulus (E) and ultimate tensile strength (σUTS) of the spun mats were 
determined from tests on an Instron 5500R (Model 1125, Instron, Norwood, MA). For each mat 
composition (n = 3 mats/composition), three 10 mm  35 mm strips were cut from each of the 
three mats (n = 9 strips/composition).  For tensile testing, the strips were fixed with double-sided 
tape between two square cardboard frames having an opening of 25 mm  25 mm to protect them 
from loading before testing. The frames were held with pneumatic grips and their vertical sides 
were manually cut with scissors immediately before testing. Tensile tests were performed with a 
500 g load cell at a strain rate of 0.02 s-1 at 21°C and 65% RH.  The force-displacement data were 
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corrected for slack and converted into engineering stress and strain using the mat’s initial 
effective cross-sectional area, calculated from the area density of the samples according to the 
previously reported method [32]; the frame opening of 25 mm was used as the gauge length. The 
modulus of the mat is the initial linear slope of the stress-strain curve, the maximum stress, which 
the mat could support, is its tensile strength (σUTS).   
 
10.3.4 Culture of MLO-A5 preosteocyte cells 
MLO-A5 cells were generously donated by the Bonewald Laboratory (University of 
Missouri-Kansas City) and were cultured in α-MEM containing nucleotides and L-glutamine 
(Life Technologies, Grand Island, NY) [34].  Media was supplemented with 5% fetal bovine calf 
serum (FCS) and 5% supplemented bovine calf serum (BCS) purchased from ThermoScientific 
Hyclone (Rockford, IL).  Cells were plated into 100 mm2 culture plates (BD Biosciences, San 
Jose, CA) in a Revco Ultima II tissue culture incubator at 37oC and 5% CO2 (ThermoScientific, 
Ashenville, NC) and split every three days.  
 
10.3.5 Cellular visualization on electrospun fiber mats 
Immunofluorescent (IFC) staining was performed in order to determine the morphology 
of MLO-A5 cells on all of the chitosan fiber compositions. Prior to cell seeding, mineralized 
chitosan-fiber mats were prepared and sterilized in a 70% ethanol (EtOH) solution (Pharmco-
AAPER, Brookfield, CT) followed by a 1X phosphate-buffered saline (PBS) wash (Corning 
CellGro).  Subsequently, mats were placed into a 6-well cell culture plate (BD Biosciences, San 
Jose, CA) and allowed to remain under the UV light within the Baker Sterigard laminar cell 
culture hood overnight (Sanford, Maine). After preparation of each type of mineralized fibrous 
mat, cells were seeded at a density of 5 x 104 cells/well.  Fibronectin coated glass coverslips (BD 
Biosciences, San Jose, CA) were used as a control.  Cell cultures were washed twice with 1X 
PBS 48 h after growth and stained according to standard protocol.  Briefly, MLO-A5 cells were 
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fixed on the various fibrous mats with a 4% paraformaldehyde (PFH) solution (Polysciences Inc, 
Warrington, PA) in 1X PBS for 30 min and stained with 0.1 µL/mL DAPI (Invitrogen/Life 
Technologies, Grand Island, NY) for the nucleus or 5 µL/mL of Oregon Green 488 phalloidin 
(Invitrogen/Life Technologies, Grand Island, NY) for the actin cytoskeleton. IFC were taken 
using a Zeiss confocal microscope (Carl Zeiss LSM 700) and used to visualize the MLO-A5 cells 
on the various fiber compositions.  Images were also color inverted in order to highlight 
cytoskeletal features that were difficult to detect.   
Using FESEM, additional cytoskeletal features present among MLO-A5 cells grown on 
the various mineralized fiber mats were identified.  MLO-A5 cells were fixed with Karnovsky’s 
Fixative (5% glutaraldehyde, 4% formaldehyde, 0.08 M sodium phosphate buffer) (Electron 
Microscopy Sciences, Hatfield, PA) for 1 h.  Afterwards samples were exposed to a serial EtOH 
dehydration series with each exposure lasting 10 min.  Samples from both Day 2 and Day 9 were 
prepared using this protocol and then immersed in 99.9% EtOH and chemically dried using 
hexamethyldisilizane (HMDS) (Electron Microscopy Sciences, Hatfield, PA).  FE-SEM samples 
were sputter coated with Pt/Pd at 40 mA for 35 s (Cressington Scientific Inc, Watford, U.K.) and 
loaded into a Zeiss Supra 50 VP FE-SEM at high vacuum.   
10.3.6 Quantitative analysis of cellular cytoskeletal filopodia 
Filopodia, identified by their length and number, were measured from the SEM 
micrographs with ImageJ according to a previously established protocol [35].  Briefly, each 
FESEM micrograph at both Day 2 and Day 9 time points were background subtracted with a 
rolling ball radius of 50 pixels.  Scale bars were normalized. Filopodia were measured and 
counted to create a distribution histogram from at least three representative micrographs.    
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10.3.7 Cell viability using Promega Cell Titer Glo Assay 
In order to assess viability of cells grown on the various mineralized chitosan fiber mats, 
the Promega Cell Titer Glo assay (Promega, Madison, WI) was utilized to qualitatively measure 
the amount of adenosine triphosphate (ATP) in culture. Both chitosan-genipin and chitosan-
HDACS mats were cut into squares (about 1.4 cm  1.4 cm), covering approximately 90% of the 
2.0 cm2 area of each well.  Cells were seeded at a density of 5 x 104 cells/well and grown in 500 
µL of the supplemented α-MEM media.  The control was MLO-A5 cells seeded at the same 
density into the tissue culture polystyrene (TCP) wells. Media was changed every three days 
during this experiment. After each time point, the assay was performed according to the Promega 
Protocol. Briefly, the luminescent reagent was mixed with the contents of the well and shaken for 
2 min to induce cell lysis. After allowing the signal to stabilize for 10 min, the entire contents of 
the wells were placed into a Turner Biosystems 20/20n Luminometer (Promega, Madison, WI) 
and scanned using the preloaded Promega Cell Titer Glo protocol.  Measurements for each well 
were recorded three times, with the reported values being the average with standard deviation.   
 
10.3.8 Quantitative analysis of osteocyte markers using real-time quantitative PCR (qPCR) 
In order to quantitatively measure the genetic levels of alkaline phosphatase (Applied 
Biosystems, Mm01187115-m1), the Taqman Gene Expression Assays (Applied Biosystems-Life 
Technologies, Grand Island, NY) were used with β-actin (Applied Biosystems, Mm00607939-s1) 
as the control housekeeping gene. MLO-A5 cells were seeded onto either the CS-genipin 
mineralized or CS-HDACS mineralized series at a density of 5 x 104 cells/well and grown in 2 
mL of the supplemented α-MEM media.  Fiber mats were isolated from culture wells on Day 2, 3, 
and 4. No additional time points were considered necessary because of prior results obtained on 
non-mineralized fiber mats [58].  After washing with 1X PBS, the cell-containing mats were 
centrifuged in a Denville 2600 microcentrifuge (Denville Scientific, South Plainfield, NJ) at 6000 
rpm for 2 min.  RNA was extracted from each fiber mat by direct lysis of cells using an RNeasy 
a b c 
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Minikit (Qiagen-Cat No. 74104) according to manufacturer instructions.  The RNA isolated from 
each sample was transcribed into cDNA using the iScript® (Biorad Kit No. 170-8891) reagents 
and protocol according to the manufacturer specifications.  The concentration and integrity of the 
cDNA was analyzed using the NanoDrop (Thermoscientific, Wilmington, DE). The samples for 
qPCR were prepared by mixing the Taqman Gene Expression Master Mix 2X (Life Technolgies, 
Grand Island, NY), the Gene Expression Assay, and an appropriate volume of cDNA according 
to manufacturer protocol.  Samples were, unless otherwise stated, run on an Eppendorf 
Mastercycler realplex2 (Eppendorf, Hauppage, NY) real-time PCR thermocycler; a hot start 
protocol was used holding the sample at 50ºC for 2 min and 95ºC for 10 min, followed by 
denaturation at 95ºC for 15 s and annealing and extension at 60ºC each for 1 min for 40 cycles.  
The quantitative analysis of gene expression was performed with the realplex 2.2 software 
(Eppendorf, Hauppage, NY). The comparative CT method or 2-ΔΔCT was utilized in order to 
compare the expression of alkaline phosphatase to the endogenous control β-actin [36].   
 
10.3.9 Statistical analysis 
All cell experiments were performed in triplicate unless otherwise stated.  Statistical 
analyses were conducted with either an unpaired Student’s T test or an ANOVA with the 
GraphPad Prism 4.0 software (GraphPad, La Jolla, CA).  Values are reported with a p<0.05.   
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10.4 Results  
 
10.4.1 Influence of nHAp and/or crosslinkers on fiber morphology 
 
 
Figure 68: Representative FESEM micrographs of the various electrospun composite chitosan-
nHAp fibrous scaffolds (scale bars 5 μm). 
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All solutions containing chitosan, crosslinker and various loads of nHAp in TFA could 
successfully be electrospun into fibrous mats. Figure 68 displays typical fiber surface 
morphologies while Figure 69 displays the diameter ranges of the spun fibers. The addition of 
either 1 wt% or 10 wt% nHAp alone yielded fibers with diameters that were within the standard 
deviation of pure chitosan fibers (133 ± 53 nm) [30], however, agglomeration and poor dispersion 
of nHAp particles (ca. 1 – 2 μm in diameter, n = 50 agglomerates) were observed. We have 
previously reported that the addition of the crosslinkers genipin and HDACS to the chitosan 
fibers increased the fiber diameters by 100% to 114% respectively [30]. Interestingly in this 
study, the addition of 1 wt% nHAp to either the chitosan-genipin or chitosan-HDACS solution 
produced fibers (125 ± 87 nm and 122 ± 57 nm, respectively) that not only had diameters within 
the standard deviation of the pure chitosan fibers [30], but had surface morphologies with lesser 
noticeable agglomeration of the nHAp particles (ca. 0.6 - 0.8 μm diameter, n = 50 agglomerates). 
The same surface morphology was observed at 10 wt% nHAp content, although fiber diameters 
were significantly higher than pure chitosan fibers (p<0.05). The increase in fiber diameters 
correlated to an increase in nHAp contents.  Agglomerations (ca. 0.8 μm diameter, n = 50) at 
higher mineral contents were also observed in electrospun PLGA with 1 – 20 wt% nHAp [37]. 
These findings suggest that nHAp disperses better in the electrospun chitosan-crosslinker fiber 
matrix. Moreover, the fiber diameters of the mats are within the range of the fibrous collagen (50 
– 500 nm) [4] found in bone. 
The addition of the white nHAp particles to the clear, light brown chitosan-TFA (pH 1) 
electrospinning solution resulted in a light brown and opaque mixture with increased pH of 2 – 3 
due to the partial dissolution of the nHAp [38]. Although nHAp has been reported to survive and 
maintain crystallinity at low pH, unfavorable dissolution and a reduced number of nHAp crystals 
in the acidic solution are still possible [38, 39]. In order to reduce the exposure time of the nHAp 
to the acidic solution, the powder was mixed for only 2 min prior to electrospinning.  
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Figure 69. (A) Fiber diameters of the various electrospun composite chitosan-nHAp fibrous 
scaffolds and, (B) their respective atomic weight percent ratio of calcium:phosphate and fluorine 
contents from EDS. Dashed horizontal line indicates the stoichiometric Ca:P ratio (1.67) of 
crystalline hydroxyapatite.  
 
 
Hydroxyapatite found in bone is typically in crystal form and with its long crystal axis 
aligned parallel to the collagen fibrils. The favored crystalline structure of hydroxyapatite of 
biological origin has a stoichiometric ratio of 1.67 [40]. EDS scans of the surface of the fibrous 
composites yielded a Ca:P atomic weight percent ratio (Figure 69) in the range of about 1.11 - 
1.70. Thus, the genipin and HDACS-crosslinked chitosan mats with 10 wt% nHAp have similar 
Ca:P ratios, suggesting that the addition of crosslinkers influenced the retention of the nHAp 
particles in the fiber matrix. Moreover, EDS estimates of the fluorine atomic weight percent in 
the crosslinked mats also suggest that during electrospinning at 10 wt% mineral content, chitosan 
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and nHAp-particle interactions are more favored than the chitosan-trifluoroacetate interaction that 
was previously observed in pure chitosan fibrous mats [30]. 
 
 
10.4.2 Tensile properties 
 
 
 
Figure 70. Representative stress-strain curves of all electrospun chitosan fiber compositions. 
Dotted lines indicate fibers without nHAp [32], solid lines denote those with 1 wt% nHAp, 
dashed lines indicate fibers with 10 wt% nHAp. Black texts denote uncrosslinked mats; red texts 
are genipin-crosslinked, while blue texts are HDACS-crosslinked.  
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Figure 71. FESEM micrographs (scale bars are 5 μm) of the various composite electrospun 
chitosan-hydroxyapatite fibers. 
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Figure 72. (A) Tensile modulus (square) and tensile strength (triangle) and the (B) strain at break 
of the various composite electrospun chitosan-hydroxyapatite fiber. Horizontal dashed lines at 
512 MPa, 19 MPa and 19% denote pure chitosan fiber’s tensile modulus, tensile strength and 
strain at break as previously reported by Donius et al. [32]. 
 
 
 
Figure 70 displays the typical stress-strain curves for all compositions while Figure 71 and Figure 
72 displays the corresponding representative FESEM micrographs of the mat and fracture 
surfaces taken after the unidirectional test and the mechanical properties E, σUTS and failure strain 
of the electrospun mats, respectively. Knowing that bone is a complex composite material with 
each material component contributing a characteristic mechanical property ― the apatite phase 
provides bone with stiffness while the polymer phase provides toughness ― the mechanical 
properties of the fibrous composites are important. The results show that the different mat 
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compositions result in different tensile properties and that they strongly correlate with the average 
fiber diameter of the mat, the amount of nHAp added and the type of crosslinker used. 
 Electrospun synthetic or biopolymer-based fibers typically have a low (~MPa) tensile 
modulus and strength [41-43]. In contrast, all nHAp-containing fibers here have a tensile strength 
and modulus similar or higher than those of other electrospun polymer-nHAp composite fiber 
mats reported in the literature [28, 42, 44]. In this study, fibers with smaller fiber diameters had a 
higher modulus and tensile strength. This trend was previously observed also in purely polymeric 
mats that were mechanically tested using 500 g load cell, strain rate of 0.02 s-1, 21°C and 65% 
relative humidity. Neat chitosan mats, chitosan mats crosslinked with genipin and chitosan mats 
crosslinked with HDACS, spun without nHAp, had tensile moduli and strengths in the ranges of 
257 – 512 MPa and 13.4 - 17.5 MPa, respectively [32].  
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10.4.3 Morphology of MLO-A5 cells  
Figure 73. Representative IFC micrographs of MLO-A5 cells grown on various mineralized 
chitosan fibrous scaffolds after 2 days.   
 
  
MLO-A5 cells are a preosteoblast line that are able to undergo spontaneous 
mineralization with the correct culture conditions and were first created and characterized by 
Kato et al. [45] [34]  The presence of collagen fibrils and extended cytoskeletal projections can 
indicate both the growth and the mineralization of the MLO-A5 cells.  The IFC micrographs 
displayed in Figure 73 reveal the characteristic extended cell morphology when grown on all 
mineralized chitosan fiber mats after two days.   Cells have spindle shaped cytoskeletal features, 
which is consistent with viability and proliferation.   Multiple actin stress fibers are apparent for 
cells grown on all mineralized chitosan fibers.  Appearance of a structured and layered network of 
MLO-A5 cells can be seen in the 1 wt% nHAp chitosan-HDACS and 10 wt% nHAp chitosan-
HDACS nHAp fibers.  This is less apparent with the 1 and 10 wt% nHAp genipin fibers.  Further 
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analysis of cellular morphology using FESEM reveals morphological differences between cells 
grown on the chitosan-genipin mineralized fibers compared to the chitosan-HDACS mineralized 
fibers (Figure 74).  After two days post seeding, cells grown on 1 wt% nHAp chitosan-genipin 
fibers reveal cytoskeletal filopodia and collagen fibrils, which are clearly visible.  In contrast, 
cells grown on the 10 wt% nHAp chitosan-genipin fibers display a more rounded morphology 
with less cytoskeletal projections.  After nine days of growth on the 1 wt% nHAp chitosan-
genipin fibers, a confluent multi-layer sheet of cells is apparent, whereas a rounded cell 
morphology occurs on the 10 wt% nHAp chitosan-genipin fibers (Figure 74).   MLO-A5 
cytoskeletal projections occur more frequently and are significantly longer (p<0.05) with the 1 
wt% nHAp chitosan-genipin fibers compared to the 10 wt% nHAp chitosan-genipin fibers.  Cell 
growth on the mineralized chitosan-HDACS fibers show marked differences compared to the 
chitosan-genipin fibers.  After two days post seeding, MLO-A5 cells display the extended 
morphology along with many cytoskeletal projections. An integration exists between the fiber 
scaffold and cytoskeletal processes for both mineralized fiber types.  The length of cytoskeletal 
projections is not significantly different when comparing cells grown on either 1 or 10 wt% 
nHAp chitosan-HDACS fibers.   After nine days post seeding, MLO-A5 cells are fully integrated 
within the fiber scaffolds and cannot be individually distinguished from one another.   
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Figure 74. Representative FESEM micrographs of MLO-A5 cells grown on various mineralized 
chitosan fibrous scaffolds.  (a) chitosan- genipin 1 and 10 nHAP (b) total cytosketetal projection 
histogram (c) chitosan-HDACS 1 and 10 nHAP (d) total cytoskeletal projection histogram 
histogram distribution of cytoskeletal projections (b, d).   
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10.4.4 ATP assay results of MLO-A5 cells  
 
Figure 75. ATP assay of MLO-A5 cells seeded upon mineralized chitosan fiber scaffolds.   
 
Results from the luminescent ATP assay reveal that MLO-A5 cells survive and 
proliferate when grown on all mineralized compositions of chitosan fiber mats (Figure 75).  After 
two days post seeding, MLO-A5 cells possess similar ATP levels on all fiber mat compositions.  
However, after five days, marked differences can be seen among cells grown on the control TCP 
compared to both 1 and 10 wt% nHAp chitosan-genipin and chitosan-HDACS fibers.  ATP levels 
begin to decrease for the 1 and 10 wt% nHAp chitosan-HDACS and 1 wt% nHAp chitosan-
genipin fibers and this trend continues for the Day 9 time point.   
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10.4.5 qPCR analysis of ALP expression 
 
 
Supplementary Figure 1. Relative ALP expression on mineralized chitosan scaffolds after Days 
3 and 4.   
 
In order to better understand the cellular response on a molecular level, the genetic 
expression profile of ALP was determined via qPCR. Samples taken at the Day 2 time point did 
not yield quality RNA, however those on Days 3 and 4 yielded measureable cDNA that could be 
characterized.  ALP expression of MLO-A5 cells grown on mineralized fibers is very low 
compared to cells grown on the control TCP at the Day 3 time point (Supplementary Figure 1).  
Although the relative ALP level of chitosan-HDACS 1wt% nHAp is marginally above the 
control, this was determined to not be significant.  By Day 4 however, there is a marked increase 
in ALP expression among cells grown on all mineralized fiber mats. Although these expression 
profiles look to be 100-fold times the control in some cases, due to the extreme variation in the 
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data, these numbers were not determined to be significant.  In addition, several samples were 
unable to be utilized for this experiment due to insufficient cDNA. (It is most likely that due to 
the high mineral content of each chitosan fiber scaffold, there was interference in the ability to 
obtain quality RNA for downstream qPCR applications.  This may also explain the variability 
seen with regards to the qPCR profiles.    In addition, these findings were consistent with the 
qPCR results found in our earlier work [58].    
 
10.5 Discussion  
 
In this study, mats with smaller fiber diameters and a 1 wt% nHAp content resulted in a 
higher tensile strength and modulus than mats with larger diameters and a 10 wt% nHAp mineral 
content. Similar to the effect of mineral addition on the properties of electrospun polymer-nHAp 
fiber mat reported in the literature, a very high load of nHAp to the fiber composite was found to 
reduce both modulus and tensile strength [28, 37], because at these concentrations the nHAp 
agglomerates act as defects rather than as a reinforcement. With 5wt% nHAp addition, the 
modulus of scaffolds consisting of PCL-chitosan-nHAp (E = 4.56 MPa) and chitosan-nHAp (E = 
0.67 MPa) was reduced to 1.85 MPa and 0.45 MPa, respectively [46], indicating low stiffness at 
low mineral contents. Even at very low nHAp contents (2 wt%), no significant increase in tensile 
modulus was observed in 7 wt% chitosan fibers that were crosslinked with genipin (two-step) 
after electrospinning. It should also be noted that the previously reported electrospun chitosan-
nHAp mats had larger fiber diameters (334.7 ± 119.1 nm) than the one-step crosslinked mats of 
this study (125 ± 87 nm) owing to the two-step crosslinking process with genipin. This most 
likely influenced the tensile modulus at the same 1 wt% nHAp contents in which the one-step 
genipin-crosslinked chitosan fiber mats displayed more than twice the tensile modulus (E = 329 ± 
76 MPa) in comparison to the two-step crosslinked mats (E = 142.5 ± 12.5 MPa) [28]. 
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Additionally, the two-step processed mats reported in the literature were measured in high 
hydration further lowering their measured tensile modulus. 
The presence of the two different crosslinkers also influenced the tensile properties of the 
mats. Figure 70 displays typical stress-strain curves for the various mat compositions. Stress-
strain curves for both uncrosslinked and crosslinked chitosan, both without nHAp, were included 
for comparison [32]. All mat compositions developed a neck during testing and exhibited an 
uneven mat surface after failure (Figure 71). Donius et al. [32] report four distinct patterns of 
mechanical performance of electrospun mats: (Type 1) brittle, combining high stiffness and 
strength with low failure strain; (Type 2) highly ductile – combining low modulus and strength 
with a high failure strain; (Type 3) intermediate stiffness, strength and failure strain and; (Type 4) 
brittle, with a high modulus, but considerably lower strength than the first type. In this study, 
chitosan-genipin with 1 wt% nHAp behaved like neat chitosan-genipin mats – a Type 1 mat, 
while chitosan-HDACS with 1 wt% nHAp exhibited a Type 3 performance similar to that of 
chitosan. Additionally, genipin-containing mats, which are mats composed of a single layer and 
have higher fiber diameters than HDACS-containing mats which consists of 2 – 3 layers, were 
observed to have a higher tensile strength and modulus for both the 1 wt% and the 10 wt% nHAp 
loads. A similar fiber diameter and tensile property relationship was observed for chitosan-
genipin and chitosan-HDACS mats without the nHAp [32]. This indicates that at lower nHAp 
addition, the crosslinker type dominates the mechanical properties and performance of the mats.  
In contrast, at high wt% nHAp the mineral content dominates the mechanical behavior of the 
mats. It should also be noted that at higher nHAp concentrations, the pH of the solution increases, 
leading to changes in the number of protonation sites in chitosan. Both genipin and HDACS have 
been reported to favor crosslinking under neutral [47, 48] and basic [33] conditions, respectively. 
Chitosan-genipin 10 wt% nHAp (Type 3) did not neither show embrittlement nor a gradual, step-
wise fracture, a behavior that may be due to genipin self-crosslinking first (longer chains) before 
forming longer crosslinks with chitosan [47, 48].  It may also be due to the greater fiber 
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alignment (i.e. fewer fiber-fiber contact points that are remaining) near the fracture area, which 
was not observed for the uncrosslinked and HDACS-crosslinked samples. The chitosan-genipin 
with 10 wt% mats also turned light bluish in color, indicative of the crosslinking [47, 48]. The 
slight increase in pH due to the addition of 10 wt% nHAp coupled by the reduced trifluoroacetate 
residues in the chitosan-HDACS fibers (indicated by the lower atomic wt% of F in Figure 69) 
may have favored the formation of more defects in mats leading to a more brittle structure, lower 
tensile properties and behaving similar to a Type 4 mat, such as chitosan-GA [32, 49]. Without 
crosslinkers, the chitosan with 10 wt% nHAp behaves like a Type 2 mat, with a low modulus and 
strength but a high failure strain (20 ± 9%) that is similar to that of the uncrosslinked chitosan 
[32]. It is suggested that future studies on these scaffolds be aimed at altering the ratio of 
chitosan, crosslinker and nHAp in the mats to create, over a large range and in a highly controlled 
fashion mechanical properties customized for a given application.  
Cellular attachment and spreading to surfaces is dependent upon a variety of factors, with 
surface chemistry playing an integral role [50, 51].  Genipin will crosslink chitosan through the 
amine groups under acid conditions and HDACS will form urea linkages under basic conditions 
[52].  Each crosslinker will create a different chitosan surface chemistry, which may be one 
contributing factor of the cellular response.  An additional factor to consider when analyzing the 
cellular response to the fiber mats is the scaffold’s mechanical properties of the scaffold. When 
biomaterial scaffolds closely mimic the native mechanical ranges of bone, cells will grow into a 
mature phenotype as measured by the osteoblast marker alkaline phosphatase.  Typically a 
minimal foreign body response is also achieved when implanted [53].  The mineralized chitosan-
genipin fiber scaffolds have a higher tensile modulus and UTS compared to that of the 
mineralized chitosan-HDACS fiber scaffolds. However, the mechanical deformation behavior 
was found to be different between the crosslinkers.  Where chitosan-genipin mineralized fibers 
deform as a Type 1 behavior, chitosan-HDACS fibers deform as a Type 3 behavior.  Results of 
the tensile test have shown that chitosan-HDACS fibers deform and reveal many layers, whereas 
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chitosan-genipin fibers deform and reveal one layer.  The multi-layer structure of the mineralized 
chitosan-HDACS fibers may provide a more favorable mechanical environment for the MLO-A5 
cells.    Finally, the tensile properties of all chitosan mineralized scaffolds are comparable to that 
of bone periosteum, which is the dense fibrous material that covers bone [54]. Bone periosteum 
from various bone regions of different test animals were shown to have elastic moduli of Etoe = 
0.43 – 1.93 MPa, Eaxial = 26 – 230 MPa and Ecirc = 4 – 96 MPa [54]. Moreover, periosteum has 
been shown to facilitate and modulate growth of osteogenic cells deep in the fiber layers for 
bones that are not only young or growing, but also for older tissue that has survived trauma [54-
56].   
Orriss et al. have demonstrated that the biological mineralization pathway of maturing 
osteoblasts can be inhibited by endogenous ATP [57].  Although ATP is typically used as a 
marker for cellular metabolism, it is also an important cell signal receptor for a variety of 
biological pathways, including bone mineralization.  Therefore, the decrease in ATP levels on 
both mineralized chitosan-HDACS fibers as well as 1 wt% nHAp chitosan-genipin, may be 
indicative of more mineralization occurring on these fiber compositions.  As time on the fiber 
scaffolds increases, the MLO-A5 cells begin to produce more of their mineralized matrix, which 
would coincide with a decrease in ATP levels.  These results are consistent with the FE-SEM and 
IFC images from Figures 6 and 7, as cells appear to grow best on both mineralized chitosan-
HDACS fibers and 1 wt% nHAp chitosan-genipin.  There was a decrease in cytoskeletal 
projections and appearance of collagen fibrils with MLO-A5 cells grown on 10 wt% nHAp 
chitosan-genipin fibers, which may coincide with the observed higher ATP levels.  With these 
low ATP levels, we expected to see a large ALP expression difference with the cells grown on the 
mineralized CS fibers compared to that of the control TCP.  However, this result was not 
witnessed, ALP expression was only slightly larger (Supplementary Figure 1).  These results 
were consistent with Beringer et al. chitosan-HDACS fibers [58], and indicate that a panel of 
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biological assays must be utilized in order to truly understand cellular response to a newly created 
biomaterial.    
 
10.6 Conclusion 
In this study, we have introduced the fabrication of electrospun chitosan mats that are, in a one-
step process, crosslinked with genipin or HDACS and loaded with up to 10 wt% nHAp for 
potential bone tissue engineering. Microstructurally, the scaffolds with an 10 wt% nHAp content 
have fiber diameters that are similar to collagen fibers in bone and have nHAp particles that have 
survived the electrospinning out of a low pH solution. The type of crosslinker and the amount of 
nHAp loading influenced the tensile properties of the electrospun composite chitosan-nHAp 
fibers. Moreover, the tensile property values were similar to that of bone periosteum, the fibrous 
bone covering that facilitates bone cell growth and repair. All mineralized fiber mats 
demonstrated potential for use as a bone scaffold material, even though their ALP expression 
profile was inconsistent.   
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CHAPTER 11 
 
Conclusions on nanogenerator recordings: HeLa cells, rat 
cardiomyocytes, frog tissue, rat tissue  
 
11.1 Introduction  
 
 A fabricated nanogenerator containing aligned PVDF-TrFe fibers with a collagen coating 
were successfully utilized in the sensing of contraction events from frog whole tissues, heart 
whole tissues, rat cardiomyocytes, as well as HeLa cells when induced.  Although Chapters 4-7 
provided figures that revealed clear differences when cells were grown on the nanogenerators 
compared to an absence of cells, a more quantitative analysis is presented in this chapter.   
 Electrophysiological data can be difficult to process due to the fact that negative values 
are frequently obtained due to the action potential mechanics within cells.  In this dissertation, 
negative voltages were obtained due to the piezoelectric response during deformation when there 
is a contraction and relaxation event resulting in a synchronized positive and negative spike 
(further explanation can be found in Chapter 4).  Contraction signals were previously baseline 
subtracted using the first non-contraction point in the set of data in order to shift all data towards 
a common area on the x and y axis for graphing purposes (Chapters 4-7).  In this chapter, 
methods for data analysis were changed in order to conduct statistical significance tests to reveal 
that there were signals being obtained that were not white noise.   
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11.2 Methods  
The root mean square (rms) of electrical data is the statistical difference among the 
magnitudes within the data.  It is given by the equation 
 
(1) rms =√
1
𝑛
(𝑥12 +  𝑥22 + 𝑥32 … ) 
 
where n = number of data points within the set.  This equation takes all of the electrical signal 
data and makes it positive in order to compare the magnitude spikes of the signal to itself.  It is a 
common tool used to perform statistical analysis on electrosphysiological data and to understand 
the differences in signals which have continuous, varying positive and negative values [1, 2].  All 
data sets were imported into Matlab® and then baseline corrected by subtracting each data point 
by the individual mean of the data set before the above equation was applied.  The Matlab® code 
for this data processing appears below.   
 
 
 
 
 
 
 
 
228 
 
 
 
clear 
numfiles = 6 
    xlfilename = 'SNR Data - rat trial2d7.xlsx' %%Name of excel output file 
    dir = 'C:\Users\Carl\Dropbox\Laura\Ratheart\'; %Location of files for import and where it will 
dump output 
    file = 'rcmtr2day7_'; 
for i = 1:numfiles 
 
    num = num2str(i); 
    load = strcat(dir,file,num,'.csv') 
    voltage = csvread(load, 23,1); 
    time = csvread(load, 23,0); 
    %entries = csvread (load, 2,1); 
    mvolt = mean(voltage(:,1)); 
    nvoltage = voltage(:,1)-mvolt; 
    sqv = nvoltage(:,1).^2; 
    rms(i) = sqrt(sum(sqv)/length(nvoltage)); 
    name{i} = strcat(file,num,'.csv');  
 
     
end 
    xlswrite(strcat(dir,xlfilename), name,1,'A1'); 
    xlswrite(strcat(dir,xlfilename), rms,1,'A2'); 
 
 
Each data set containing nanogenerator recordings from either rat heart tissue, HeLa cells, or rat 
cardiomyocytes were run through the above script in order to perform statistical analysis.  The 
frog whole heart and heart slice recordings were not obtained in the same manner as the later data 
sets, and therefore this data processing was not able to be completed with them.  A specialized 
type of non-parametric test named the Kruskal-Wallis was employed which assumes a non-
Gaussian distribution and non-matched data entries.  Raw RMS values obtained were multiplied 
by 1000 in order to graph with whole numbers.  Significance was set with a p < 0.05 and the 
control “baseline” recordings were compared to the experimental data sets.   
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11.3 Results and Discussion  
Table 3. Number of nanogenerator recordings used in data analysis  
 
 
Table 1 is a comprehensive overview of the number of nanogenerator recordings used to 
conduct the analysis.  Because the goal was to determine if there was a difference among 
contracted cell signals and baseline, recordings that occurred on PFP nanogenerators without the 
collagen clad were also included in the analysis.  Previous analysis excluding them did not 
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change the results significantly.  Figure 76a-c reveal the normalized RMS values for each type of 
cell or tissue recording.  The induced HeLa contraction on the nanogenerator v1.0 had a 
significantly different (p<0.05) rms value compared to the control baseline, indicating that the 
unprocessed signal was statistically different from background white noise.  Interestingly, the 
same was true of the HeLa baseline rms value.  This is most likely due to the confluent layer of 
HeLa cells apparent at both the 72 and 144 hr timepoints (which were combined in this analysis 
to yield an overall representation of the data).  The HeLa cells are applying a baseline 
deformation force from their attachment on the aligned PFP-col fibers within the nanogenerator.   
The rat cardiomyocyte experiments were pooled together and their rms values are shown 
in Figure 76b.  Although the rms values are different from the baseline control on each day of 
growth (D2, D3, D5, D8), only the rms value at D8 is statistically significant.  This could be due 
to the variation within the signal data for the experimental trials.  In addition, during 
experimentation it was noticed that visible beating within the nanogenerators was only apparent 
after 7 days of culture.  The poor optical clarity of nanogenerator v1.0 made visual confirmation 
before this timepoint very difficult.  Furthermore the additional trials of the rat cardiomyocyte 
experiments revealed clustering of cells that independently beat.  There were areas of high 
activity and areas of no activity, and this likely affected the results of the rms analysis.  In 
addition, the rat cardiomyocytes grow much differently compared to the HeLa cells owing to the 
fact that they are myocyte lineage primary cells.  Cultures of cardiomyocytes do not become 
confluent or adhere the same way that HeLa cells will.  Due to the difference in their behavior, 
the signal spikes observed for the cardiomyocytes are different and thus so are the rms values.  
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Figure 76. Normalized rms values for each cell or tissue type from nanogenerator readings (a) 
HeLa cell (b) Rat cardiomyocytes (c) Rat heart slices 
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 Rat heart slice rms values are shown in Figure  76c and reveal significant differences 
between the atrium and atria/ventricle slice compared to the control background noise.  This was 
expected as the signal from the atrial slice and half slice (atria/ventricle) was very distinct 
compared to the ventricle.  Although the ventricle slice did not have a statistically significant rms 
value, this could be due to the high variaton within the data and background noise present when 
measuring these samples.   
 An overall picture of how each type of tissue and/or cell responded on the nanogenerators 
is shown in Figure 77.   The signal responses from frog whole heart, rat tissue slices, rat 
cardiomyocytes, and HeLa cells, as well as nanogenerator benchtop testing (no cellular 
experimentation) are included.  The HeLa cell experiments have the largest amplitude of signal 
compared to the additional cells and tissues, which is in agreement with the cellular attachment. 
Confluent monolayers of HeLa cells created a larger baseline deformation force and a uniform 
contraction, whereas the clusters of cardiomyocytes produced asyhchronous areas of beating, 
resulting in a smaller amplitude of voltage.  Frog whole heart and rat tissue slices possessed the 
smallest amplitude of signal due to the fact that they were not adhered to the fibers in the way that 
seeded and cultured cells were.  Benchtop cantilever testing displayed the largest signal due to the 
consistent deformation force at 2 and 3 Hz, which was also larger than the actual cell-scale 
defomations of the experiments.  Overall the nanogenerator responded to contractile events in situ 
with two different cell lines and two three different tissues, demonstrating the great potential as a 
diagnostic and experimental in situ tool for myocyte cells.   
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Figure 77. Cell and tissue nanogenerator recordings compared on different y-axis limits 
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Additionally, an analysis utilizing the benchtop cantilever testing force vs. voltage experiment 
(Chapter 5) was attempeted to estimate the forces of cardiomyocyte contractions recorded with 
the nanogenerators.  Because all cardiomyocyte contraction voltages were less than 0.1 V, 
making an estimate is difficult due to the fact that the force-voltage experiment originated with a 
4 Hz  frequency and 1 mN force for the smallest measurements calculated.  As mentioned in 
Chapter 4, although a force vs. displacement curve was calculated for the benchtop cantilever 
setup, it was based  on  1 mN being the smallest force possible.  Therefore, it is likely that 
because the voltages observed for the cardiomyocytes were very small, much smaller than the 0.4 
V observed with 4 Hz, it is likely that the frequency is less than 4 Hz and the force is smaller than 
1 mN.  This conclusion is in agreement with measurements for groups of cardiomyocytes, which 
can elicit micronewton forces at 1 and 2 Hz frequencies.  However, micronewton forces are 
orders of magnitute below the 1 mN forces that were tested on the bencthop setup.  Therefore, a 
more rigorous calibration with much smaller forces and frequencies would need to be completed 
to gain a numerical estimate utilizing the Fmax =Kdmax equation along with the calculated spring 
constant of the benchtop cantilever.  However, the setup was at its lowest limitations when being 
tested, and a new cantilever would likely need to be designed and optimized to explore the 
calibration necessary for forces smaller than 1 mN.  Atomic force microscopy would also be 
empolyed to verify the data gathered.   
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CHAPTER 12  
 
Future work 
 
The nanogenerators fabricated and tested for this dissertation were able to measure cell-
scale deformation forces during benchtop testing.  This has paved the way for four cell/tissue 
based experiments involving in situ contractile sensing of HeLa cells, rat cardiomyocytes, frog 
heart tissues, frog whole heart, and rat heart slices.  Due to the complexity of the fabricated 
system which included not only the nanogenerators, but also electrodes and an oscilloscope-
challenges arose in data collection and processing.  Organized below are future experiments to be 
conducted in order to optimize the nanogenerator sensors and push it towards commercial 
development.     
 
12.1 Fabrication of nanogenerators and components 
 Because of the optical density of nanogenerator v1.0, another iteration of the sensor was 
created that did not have EDS tape or the plastic TOPAS substrate.  The inclusion of the flexible 
and clear plastic coverslip alleviated the initial problem of optical clarity and allowed for better 
Brightfield imaging.  However, this new nanogenerator was still difficult to fluorescently stain 
due to the non-specific background fluorescence staining of both the plastic substrate and fibers.  
In order to reduce this effect, it may be beneficial to block the entire nanogenerator with serum 
right after fixation and prior to the permeabilization of cells with Triton-x.  
  In addition, the electrodes that were fabricated out of electrical wire and 3MM copper 
tape appeared to be causing some amount of chemical poisoning within the rat cardiomyocyte 
culture.  This was noted due to the purple tint of the media, which indicates a basic pH.  While 
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the first 24 h post culture with the rat cardiomyocytes yielded a typical media color, 48-72 h post 
seeding revealed dramatic changes.  In order to ascertain whether the electrodes were contributing 
to this problem, another setup without using the nanogenerator substrate and just the aligned 
fibers and electrodes was explored.  This can be seen in Figure 78a, with accompanying 
micrograph images and oscilloscope recordings (Figure 78b-c).  This experiment was setup by 
plucking mature rat cardiomyocyte clusters from day 6 of growth and placing them onto aligned 
PFP fibers coated with nitrocellulose in MeOH.  Approximately 15 clusters each containing 100 
or more cells were transferred to this new setup and one such cluster appears in the yellow circle 
of Figure 78b.    
 
 
 
 
 
 
 
 
Figure 78. New nanogenerator setup containing copper electrodes outside of the media (a) Image 
of new setup (b) Brightfield micrograph of a cluster of rat cardiomyocytes (c) Oscilloscope 
recordings made 1 day post cluster seeding  
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12.2 Rat cardiomyocyte live imaging and oscilloscope recordings 
The typical setup utilized to capture both Brightfield images, as well as live video 
recordings is shown in Figure79.  There is no heating unit or separated isolation chamber where 
the proper CO2 atmosphere can be administered.  Because each experiment involving 
oscilloscope recordings and live imaging had to be done outside of the incubator, experiments 
were limited to 25 min.  However, this was enough time to stress the cardiomyocytes as it was 
observed that their beating frequency became much slower and in some cases ceased entirely 
after being outside their appropriate environment.  Therefore, future experiments would benefit 
from a specialized microscope capable of a live imaging system that contained a heated unit that 
could also administer CO2 atmosphere.   In the absence of a microscope setup with live imaging 
capabilities, a small space heater with a custom built box capable of interfacing underneath the 
current microscope could be beneficial.   
 
 
Figure 79. Microscope setup utilized in live cell imaging and video experiments  
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12.3 Atomic force microscopy imaging 
 Due to the complexity of the nanogenerator system and its interface with the 
cardiomyocytes and oscilloscope, it was difficult to determine the number of cells making contact 
with the number of piezoelectric fibers.  Based upon benchtop testing, a larger number of 
deformed fibers yielded a larger signal.  However, during cardiomyocyte experiments a number 
of physiological factors contributed to the signal, including the amount of cardiomyocytes within 
the clusters, their beating frequency, and the strength of contraction.  Each voltage-time plot 
revealed signals that were grouped together, indicating that these signals were from different 
areas of the nanogenerator sensor with isolated clusters of cells beating independently from one 
another.  In order to further investigate the exact mechanical contraction-deformation relationship 
live cell atomic force microscopy (AFM) may be used.  Several groups have begun to investigate 
the contraction events of cardiomyocytes using this technique [1, 2].  Live cell AFM is able to 
give a small scale spatial resolution that would give insight as to how many fibers the 
cardiomyocytes were deforming and at what frequency, which would aid in signal processing of 
the nanogenerator sensor data.  In addition, real-time deformation movies could be made with 
ease compared to the setup that was used for this dissertation research.  Not only would Live cell 
AFM be useful for baseline characteristic measurements, but also for induced physiological states 
such as addition of isoproterenol to increase contraction strength and frequency, or nifedipine to 
decrease contraction strength.  These specific physiological changes could be more accurately 
recorded and measured using an AFM live cell setup.   
12.4 Additional pathological cardiomyocytes and myocyte cultures  
 The potential for the nanogenerator sensor is not limited to drug studies, but could also be 
a very useful tool in studying pathological conditions.  For example, cardiomyocyte cultures 
obtained from subjects (whether human or mammalian model) with deficiencies that translate into 
genetic conditions (i.e. Barth syndrome, pediatric cardiomyopathy, etc.) could be grown and 
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tested on the nanogenerators.  In this way, the nanogenerator sensor would serve as a platform to 
characterize contractile profiles of cells from an afflicted subject as well as act as a representative 
tissue to allow facile drug therapy testing.  Because the nanogenerator technology does not 
require the use of patch clamp techniques or MEAs, contractile profiles could be made quickly 
and efficiently leading to a better understanding of heart pathologies and drug efficacies.   
 Cardiomyocyte research is only one facet of research that the nanogenerator sensor could 
be applicable too.  Other myocyte cells including smooth muscle organs (esophagus, intestine, 
stomach) as well as skeletal muscles could be tested.  Musculoskeletal dystrophies could be 
explored with the nanogenerator by measuring contractile activity of different muscle 
populations, both healthy and diseased.  Asthma and constrictive airway diseases are another 
possibility as prolonged contraction of lung cells within the nanogenerator would yield a 
measurable signal.   
 Overall this dissertation has provided the first evidence that the biocompatible 
nanogenerator containing aligned electrospun piezoelectric fibers can be used to measure 
cardiomyocyte contraction in situ.  The platform went through several iterations in order to 
optimize it for dual functionality as a sensor while yielding an appropriate setup for biological 
assays.  Further optimization and investigation of the exact relationship between fiber 
deformation and contraction event will move this dissertation research forward in the direction of 
sensing contraction events in real-time and personalized medical assays.   
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 Tissue culture: bacteriological and wide range of 
primary and secondary mammalian cell culture 
 Primary cell line isolation-smooth muscle and 
skeletal muscle from animal models 
 PCR, Western blots, plasmid and DNA prep, gel 
electrophoresis, immunofluorescent staining, 
and flow cytometry  
 Material synthesis: electrospinning natural and 
synthetic polymers, collagen gels, thin polymer 
films, wet chemistry   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Material characterization: electron microscopy, 
confocal microscopy, FTIR, EDS, tensile testing   
 GLP, Bloodborne Pathogen, Safe Material 
Handling, and Radiation Safety Training  
 General laboratory equipment operation  
 Experience with Microsoft Word, PowerPoint, 
Excel, Matlab, Origin, ChemDraw, and 
GraphPad Prism  
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APPENDIX A 
 
 
Additional electrospinning projects and/or characterization 
 
This appendix contains the additional electrospinning projects that were undertaken in order to 
better understand biomaterial scaffold fabrication and applications.   
 
A1.  Electrospinning PAN Fibers with Nitric Oxide Loaded LTA Type Zeolites 
Materials and Methods 
Solutions were prepared with polyacrylonitrile (PAN) in dimethylformamide (DMF) at a 
final concentration of 9.9 wt%.  Both neat PAN and PAN doped with LTA zeolites (0.25 wt%) 
were electrospun at a distance of 10 cm with a pump rate of 0.5 mL/hr and a voltage of 10 kV.  
SEM images were taken with the Zeiss Supra 50 VP FE-SEM.   
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Results  
 
 
 
 
 
 
 
 
Nitric oxide loaded LTA zeolites were successfully electrospun into PAN fibers.  
Agglomerations of the zeolites can be seen in Figure A1 (right panel.)  Because an aqueous 
environment is the trigger for NO release from the zeolites, no water was incorporated into the 
system.  Future directions involve electrospinning the zeolites within PAN fibers to achieve an even 
dispersion.  This may be achieved by creating a slurry of the zeolites in oil before doping the PAN 
electrospinning solution.       
 
A.2 Electrospinning chondroitin sulfate (ChS): hyaluronic acid (HA) blends 
Chondroitin sulfate (Indofine Chemical Co., Hillsborough, NJ) was blended with HA (Dali 
Chemical Co, China) in gram amounts as shown in Figure A2 (i.e. 0.15 = 0.15 gms).   Fibers were 
obtained from solutions with a medium amount of ChS, but the highest amount of ChS yielded an 
extremely viscous solution that did not electrospin.    The lowest amount of ChS in solution 
produced electrospray, suggesting a fine range for fiber formation with the dual biopolymer system.   
  
Figure A1. LTA NO zeolites (a) Neat PAN fibers (b) Scale bars 5 µm inset 200 nm. PAN doped 
with NO zeolites (c) Scale bars 10 µm inset 2 µm.  Red arrows represent NO zeolite agglomerates.   
248 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Increasing polymer 
concentration 
NA 
Concentration 1 
Concentration 2 
 
Concentration 3 
Figure A2. Chondroitan sulfate addition to hyaluronic acid DMF/H2O 
solutions- electrospinning and FTIR. 
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A.3 Electrospinning coaxial collagen, HA, and elastin blends 
Polymers were received from vendors as described in previous chapters.  A coaxial fiber 
system of an inner collagen/elastin core and outer HA shell was employed.  SEM micrographs can 
be seen in Figure A3, with increasing solvent PBS concentration for the core yielding different 
morphologies.   
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 Figure A3. Coaxial electrospun collagen/elastin core HA shell fibers.  
 
 
 
 
Coaxial electrospun HA shell:collagen and elastin core  
1x, 10x, 20x PBS/EtOH for HA shell: collagen/elastin core yield different fiber 
morphologies 
PBS 
concentration
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A.4 Additional collagen characterization (additional data for Chapter 3) 
 
 DHT crosslinked collagen-HFIP fibers (see Chapter 3) were used in order to test cell 
viability, and thus a cell attachment assay was performed.  There results can be seen in Figure A4, 
and reveal good cell attachment of porcine aortic endothelial cells on the electropsun scaffolds at 
each timepoint.  Addition of the growth factor FGF-2 enhances cell attachment on collagen 
scaffolds.  This assay was conducted with the aid of Stephanie Ciclese in  the Alyssa Morss Clyne 
lab at Drexel University.   
 
 
  
 
 
 
 
 
 
 
 
 
Figure A4. PAEC attachment assay on collagen electrospun fibers.  
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The colorimetric Chondrex stain performed on all types of collagen samples (Chapter 3) was 
done with at least three areas within three samples for each sample type.  Although representative 
images were included in chapter figures, figures A5-A6 reveal all data collected and additional 
analyses undertaken after reflectance data was collected.   
 
 
 
 
 
 
 
 
 
 
 
Figure A5. Reflectance data recorded from the Ocean Optics fiber optic wand revealing colors of 
collagen stained fibers.   
 
 
 
 
253 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A6. Reflectance data transformed and normalized for intensity counts and integration of 
area under the curve to determine percentage of red and green areas.  
 
581 
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Integration of curve for % red and % 
green to compare samples 
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APPENDIX B 
 
Osteoblast RT-PCR and qPCR and HDF RT-PCR 
 
 This section contains additional raw data and experiments performed on the quality of 
complimentary DNA obtained from osteoblast cells grown on both control glass coverslips, 
chitosan films, chitosan electrospun fibers, and their respective mineralized counterparts.  A 
detailed methods section is available in Chapters 9 and 10.  In addition, supplementary material for 
Chapter 8, dermal fibroblast genetic expression is also included.   
 
 
 
 
 
 
 
 
 
 
 
 
 
B1. Agarose gels stained with EtBr revealing GAPDH DNA (red arrow) and 1kB DNA ladder 
marker (yellow box).   
 
This experiment was conducted in order to ensure that all samples were expressing the control 
marker GAPDH, which all cells produce, before further experimentation with qPCR.  Samples that 
MLO-A5 GAPDH check non mineralized samples (films 
and fibers) 
 
 
Day 2  Day 3  
Day 9  Day 4  
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did not express this housekeeping gene were not utilized in subsequent PCR experiments.  The last 
line on the agarose gel indicates that the cDNA created is not the highest quality, but lysing cells 
within electrospun mats proved to be a difficult task resulting in lower quality RNA and thus cDNA.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B2. Representative qPCR readout revealing several genes tested including the control β-actin and 
alkaline phosphatase.  
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Before analyzing the qPCR data, cycle curves were analyzed to ensure that the results obtained 
were legitimate.  Fluorescence curves showing up before cycle 10 or after cycle 35 indicate that 
the sample cDNA was too concentrated or too dilute/poor quality, respectively.  As shown in Figure 
B2, the majority of the curves occur between cycles 25-35, with several cycles coming in before or 
after.  Diluting the samples ten-fold, which is shown in panel 2, should result in a delay of the curve 
which occurs during this experiment.   The no template control (NTC) sample which does not 
contain any cDNA typically rises at the very end during cycle 40 whereas the reverse transcriptase 
control (-RT that does not contain the appropriate transcription enzyme) occasionally shows up in 
the amplification window.  Overall these plots are representative of the qPCR results that were 
obtained and utilized to create the expression profiles described in Chapters 9 and 10.   
 
 
Table B1. Relative FAM counts from fluorescence curves 
 
 
 
 
 
 
 
Table B1 reveals the raw fluorescence intensity (FAM) counts normalized within the qPCR 
software program, which typically involves the cycle number that the fluorescence peaked at.  
These numbers were plugged into a mathematical model as described in Chapter 9 in order to get 
relative gene expression profiles.   
 
 
Beta actin (Housekeeping gene) Alkaline phosphatase (ALP) 
257 
 
 
 
 
 
 
 
 
        B3. IFC micrograph of control MLO-A5 cells on glass coverslips. 
 
Figure B3 displays the control morphology of MLO-A5 cells grown on the control glass coverslip 
with a DAPI nuclear stain (blue) and a phalloidin cytoskeleton stain (green).   These images were 
utilized to ensure that MLO-A5 morphology on the chitosan fibers and films appeared normal and 
highlight any differences.   
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Table B2. Gene sequences used for RT-PCR of wound healing analytes  
Gene Primer sequence (5′ → 3′) 
MMP1 forward CTGCTGCTGCTGCTGTTC 
MMP1 reverse ACTTGCCTCCCATCATTCTTC 
TIMP1 forward TGTTGCTGTGGCTGATAG 
TIMP1 reverse CTGGTATAAGGTGGTCTGG 
CD44 forward GAAAGGAGCAGCACTTCAGG 
CD44 reverse CACTTGGCTTTCTGTCCTCC 
β-Actin forward GCGTGACATTAAGGAGAAG 
β-Actin reverse GAAGGAAGGCTGGAAGAG 
 
Table B1 contains the primers sequences utilized in the RT-PCR assay that measured DNA 
expression of CD44, TIMP1 and MMP1, along with the housekeeping gene β-actin.   Actual 
representative gels are shown in B4.  Samples were run in triplicate and the average intensity of 
each band normalized to the housekeeping gene wss used to measure relative gene expression 
(Chapter 8).   
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B4. EtBr stained agarose gels for wound healing markers from HDF grown on HA electrospun 
fibers, films, and control. 
 
 
The IFC images in B5 are HeLa cells that were first grown on the electrospun HA fibers and films 
prior to their seeding with HDF.  The nucleus (blue) and cytoskeleton (green) are apparent and 
appear to be slightly varied whether the cells are on the control glass (a) the HA films (b) or the 
fibers (c).  Further discussion of cell morphology based upon fiber topology is found in Chapter 8.   
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      B5. IFC staining of HeLa cells on (a) control glass coverslips (b) HA films (c) HA fibers. 
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APPENDIX C 
 
Additional supporting data for nanogenerator characterization 
 
This appendix contains additional supporting data for the benchtop testing conducted with 
the nanogenerators in addition to further fiber characterization.  All materials and methods used in 
this appendix have been described in Chapters 4-5 unless otherwise stated.   
 In addition to the collagen cladding used for the HeLa and cardiomyocyte experiments, 
other polymers were tested with the coaxial configuration.  This is shown in C1, with aligned 
PVDF-TrFe core, PEO cladded fibers in C1b and chitin cladded fibers in C1c.  In addition to these 
experiments, optimiz core-cladding experiments were first conducted and optimized with PEO in 
order to verify that the coaxial system was working.   
 
 
 
 
 
 
 
 
 
 
 
 
 
C1. Electrospun PVDF-TrFe monoxial and coaxial fibers (a) PVDF-TrFe in MEK  (b) 
Coaxial PVDF-TrFe (core) and PEO (shell) aligned fibers (c) Coaxial PVDF-TrFe 
(core) and chitin (shell) aligned fibers. Scale bars represent 10 microns, inset 
represents 1 micron. 
a b c 
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C2. Coaxial electrospun PVDF-TrFE core- PEO cladded fibers. 
 
Figure C2 reveals the morphology of electrospun coaxial PVDF-TrFe/PEO fibers both 
before and after an aqueous wash.  Because PEO is water-soluble, exposure to aqueous solutions 
should destroy the cladding and leave behind the hydrophobic PVDF-TrFe core.  If the fiber is in 
fact coaxial, there should be an overall decrease in fiber diameter as the cladding is washed away.  
As show in C2, There is a decrease in fiber diameter after an aqueous wash, revealing the average 
cladding thickness to be approximately 114 nm in diameter.   
 Additional coaxial verification for the real fibers used in the cellular expeirments 
(collagen/PVDF-TrFE) was done using phase contrast SEM microscopy with heavier metal 
elements.  Briefly, the compound Prussian Blue which contains heavy iron ions was symthesized 
and doped into the PVDF-TrFe electrospinning solution.  The optimized coaxial electrospinning 
parameters were employed and samples were then imaged after a liquid nitrogen freeze fracture.  
Before 
After 
114 nm 
each side 
Before wash: 428 nm After wash: 200 nm 
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As showin in C3, there are phase contrasts between the inner and outer cladding, especially in the 
top panel where it appears as though the cladding has split along the x axis.  Additional images 
reveal evidence supporting the idea that the fibers were indeed coaxial.   
 
 
 
 
 
 
 
 
C3. Prussian Blue and liquid nitrogen fracture of coaxial collagen/PVDF-TrFe fibers. 
 
 
 
Additional benchtop cantilever testing was undertaken with the first version of the 
nanogerator in order to further provide evidence that the piezoelectric signal acquired was not an 
artifact of the testing system and the constituents of the nanogenerator.  A larger number of 
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piezoelectric fibers deformed should provide more energy storage and thus a higher voltage output.  
Therefore, nanogenerators with varying amounts of fibers were tested, this was done by 
electrospinning monoaxially aligned PVDF-TrFE for 5, 10, and 30 min.  C4 reveals the benchtop 
testing results of this experiment.  As shown, an increase in electrospining time leads to an increased 
fiber deposition and higher voltage.   
 
 
 
 
 
C4. Fiber deposition time and voltage output at 2 and 3 hz (a) Nanogenerator electrospun for 5 
min (b) 10 min (c) 30 min . 
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If the nanogenerator signals are truly a result of the deformation of the piezoelectric, a 
switched polarity test that reverses the negative and positive testing electrode positions should 
induce a sign change.  This experiment is shown in C5, and reveals that with one polarity the signal 
is positive and the opposite polarity induces the negative response.  Although there is a difference 
in magnitude of the signal, the system behaved as expected.  This difference was observed with 
multiple recordings on multiple nanogenerators and is likely due to the physical setup of the 
cantilever and the possible decrease in deformation with the cantilever using the opposite polarity.   
 
 
  
 
 
 
 
 
 
 
C5. Switched polarity test with nanogenerator v1.0.  
 
 
 
 Testing of different sized fiber mats within the nanogenerators was also conducted in order 
to ascertain whether the physical area of the nanogenerator impacted voltage signal.  As shown in 
C6, when the nanogenerator is fully covered, the largest voltage signal is obtained, whereas if there 
is only a small sliver of mat, the voltage signal decreases.   This fact was taken into account when 
preparing samples used in cellular studies so that the entire nanogenerator was covered with fibers  
in order to ensure the best quality signal.   
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C6. Area of fiber mats within nanogenerators affect signal magnitude. 
 
PVDF-TrFe Size 1 Size 2 
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            Although the finalized data concerning cladding rates and the effect on piezoelectric 
response is described in Chapter 5, this experiment was originally performed with PEO cladding.  
Figure C7 contains both SEM micrographs revealing fiber morphology both before and after clad 
removal, as well as the corresponding piezoelectric signals tested at both 2 and 3 Hz.  As shown, 
the thickest amount of cladding led to a noisier and dramatically reduced voltage signal, which was 
expected and also observed in the collagen clad system.  The cladding polymer, unless also 
electroactive, will act as an insulator and shield the charges produced during the deformation of the 
fiber.  This results in increased noise and a dampening of the electrical signal.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C7. PEO cladding rates affect piezoelectric signal. 
 
Before wash After 
wash
Rate 1: 0.5, 1.0    mL/hr 
Rate 2: 1.1, 1.0 
Rate 3: 1.5, 1.0 
Shell rate 
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            Before aligned coaxial collagen/PVDF-TrFE fibers were fabricated, random fibers were 
created in order to ensure that the coaxial system was adding thicker clad with higher pump rates.  
The SEM micrographs of this experiment are shown in C8, along with corresponding histograms.  
Increasing the pump rate increases the volume of collagen deposited, and thus creates a thicker 
cladding.  This is revealed in the histogram distribution of fiber diameters.  Pump rates can be found 
in Chapter 5.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C8.  Coaxial collagen/PVDF-TrFe fibers electrospun randomly at three different rates with 
corresponding histograms (a) Rate 1 (b)Rate 2 (c) Rate 3. 
 
 
 
 
a b 
c 
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 Additional testing with the cantilever setup was performed in order to ensure that the 
electrical signal obtained from the nanogenerators was in fact due to piezoelectricity and not due 
to equipment or components producing voltage potential.  An experiment was conducted that 
increased the force of the cantilever deformation by increasing the voltage input to it (4, 6, 8, and 
10 v).  If the signal was due to the piezoelectric nature of the fibers within the nanogenerator a 
corresponding voltage increase would be noticed with increasing deformation of force.  As shown 
in C9, each force increase led to an increased voltage.  These differences were found to be 
statistically significant with a one-way ANOVA assuming a non-Gaussian distribution and non-
matched observations (p < 0.05).    
 
 
 
 C9. Increased deformation force and resulting piezoelectric response.  
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Lastly, because electrospun fibers do not align 100% of the time, there is a reasonable chance that 
some areas of the fabricated nanogenerators contain more random fibers than aligned.  In order to 
determine whether this would significantly detract from the piezoelectric signal, testing was 
conducted on random electrospun PVDF-TrFe fibers on nanogenerators.  As shown in C10, a 
csignal is still present even with random fibers, but there is an increased noise threshold.  The 
alignment of fibers is preferred for a strong, clear signal with minimal noise.   
 
 
 
 
 
 C10. Random nanogenerator piezoelectric response.   
 
 
 
 
 
 
